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Abstract 
Owing to post treatment challenges of managing Fe(OH)3 sludge associated with 
classical Fenton catalysis, this research applies a heterogeneous Fenton-like catalysis for 
the treatment of produced water from oil mining. The catalyst is a surface functionalized 
fibrous heterogeneous polyacrylonitrile (PAN) catalyst developed at De Montfort 
University. This catalyst has been used in the decontamination of simulated produced 
water (PW) for the oxidative degradation of alkylphenols and oils.   In addition to being 
endocrinal disruptors, alkylphenols (AP) constitute the most toxic component of 
PW.  They are primarily of petroleum origin and are thought to partition into the water 
phase during petroleum mining. Out of about 116 million m3 of PW discharged into the 
Norwegian sector of the North Sea, APs account for 323 tons of which 90% are C1 to C3 
short chain alkylphenols (SCAPs). These SCAPs are amongst the most stable constituents 
of PW and are responsible for PW toxicity. Batch and continuous flow experiments using 
the PAN catalyst in a hydrogen peroxide system, PAN catalyst assisted by ultraviolet (UV) 
radiation, PAN catalyst assisted by microwave (MW) and PAN catalyst assisted by both 
UV and MW in a Fenton-like system was used for the oxidative decomposition of 
synthetic PW. Parameters monitored were; loss of 3,5-dimethyl phenol (DMP) which is 
a model alkylated phenolic compound, COD removal, and oil-in-water removal. A 
catalytic oxidative reaction of 200 mL simulated PW was carried out in batch mode, 
while 900 mL was used in a rotating disc flow reactor for the continuous flow 
experiments, where the influence of initial H2O2 concentration, catalyst concentration, 
bubbling air flow rate, variation in UV flux density, effect of competing inorganic anions, 
etc. were investigated. Results for the unassisted Fenton-like catalysis of PW in batch 
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mode at optimum conditions showed  94% AP removal and up to 30% COD removal after 
4 h, while oil- in- water concentration was reduced by  85.8%, although 50.3% of the lost 
oil was absorbed onto the catalyst. The UV- assisted catalytic oxidation (irradiance of 
2.66 mW/cm2) resulted in > 99% AP degradation after 40 min, and 59% COD removal 
after 4 h, while the oil- in- water concentration was reduced down to non-detectable 
levels, with 8.78 mg/L oil (which constitutes 5.67% of initial concentration) adsorbed on 
the catalyst. The results of the unassisted Fenton-like continuous flow experiments at 
optimum conditions showed ~ 10% COD removal, ~ 90% average DMP degradation, and 
about 50% average OIW removal in 4 h retention time. The UV/MW/Fenton-like assisted 
continuous flow process at optimum experimental conditions, recorded an average of 
31% COD removal, >99% OIW removal and >99% DMP degradation.  Thus, assisting the 
reaction with UV/MW resulted in a more extensive as well as a quicker decontamination 
of produced water. Intermediate oxidation products tentatively determined from the 
catalytic oxidation of DMP include benzoquinones, hydroquinones, benzaldehydes, 
formic and acetic acids. The cause of catalyst deactivation after about 30 days of 
reaction was suspected to be due to loss of Fe through leaching and catalyst poisoning. 
The reaction is thought to be 87% heterogeneous route (including adsorbed 
component), as leached Fe contributed about 13% to the loss of DMP through a 
homogeneous route.  
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1.1 Background  
Although water constitutes about 70% of the earth, fresh water accounts for only 2.5%, 
some of which occurs as glaciers, while most of it occurs as ground water, with only 
about 0.3% making up fresh surface water (Ragheb, 2018). The 21st century industrial 
growth, which has led to increased economic activities has resulted in commensurate 
impacts on water and air quality (Murakami and Fujishima, 2010).   
The oil and gas industry has not been insulated from this growth. There has been 
tremendous increase in oil prospecting activities especially in the United States where 
shale oil and gas (otherwise called tight oil or gas) has generated so much interest within 
the oil and gas sector (US EIA, 2016). These activities heightened in early 2015 (US EIA, 
2016) and has contributed to the glut in the industry due to massive production, 
culminating in the current fall in the price of the commodity. These heightened oil and 
gas development activities have been accompanied by huge production waste, also 
called exploration and production waste -E&P Waste.  
E&P waste is grouped into three, namely; produced water, drilling waste (drill cuttings, 
drilling and well completion chemicals) and associated waste (API, 2000). The most 
significant of these three classes of waste is produced water, owing to its sheer volume 
and toxicity (Viel et al., 2004; Stephenson, 1991; Krause, 1995). It is estimated that in 
2014, about 201 billion barrels of produced water was generated around the globe, only 
65billion barrels was re-injected for enhance oil recovery (EOR) processes, while 136.9 
billion was disposed of into the sea (Future Market Insight, 2014).  
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Produced water (PW), also known as associated formation water, is water that is 
trapped in the formation and exported to the surface with oil and gas during exploration 
and production (E&P) activities (Viel et al., 2004; Viel, 2015). 
It is by far the most challenging and most voluminous waste stream associated with E&P 
activities in terms of cost and management (Stephenson, 1991; Krause, 1995). In 
offshore fields, produced water especially presents a particularly distinct challenge 
whereby frequent discharge into the sea is a commonplace and considered an 
acceptable management strategy after certain environmental considerations (O&G, 
2005).  
The characteristics of any produced water are a function of the geological location and 
geology of the formation upon which crude oil extraction is taking place. In addition, the 
operational condition, the age of production, as well as additives used in the extraction 
process and the drilling environment are responsible in shaping the characteristics and 
composition of any produced water (Ahmadun et al., 2009). Enhanced oil recovery 
techniques and the proliferation of new production wells has altered the dynamics of 
common oil to water ratios (1:2-10) - where the range of 2 to 10 vary according to the 
age and the type of well (Henderson et al., 1999; Sumi, 2005; Benko and Drewes 2008; 
Igannu and Chen 2012). In spite of this seeming shift in dynamics, this waste stream 
remains significant. For instance, in the United States, Viel, (2015) reported an increase 
in the production of oil and gas by 29% and 22% respectively, but an increase of less 
than 1% of produced water between 2007 and 2012, through enhanced oil and gas 
recovery techniques. However, the rise of less than 1% of produced water volumes has 
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been projected to increase steadily through 2020. Although, 1% might seem small, in 
reality however, this is still huge because the volumes involved are very large. Due to 
the size of this waste stream, the global produced water treatment systems market has 
been forecasted to grow at a compound annual growth rate (CAGR) of 6.1% between 
2014 and 2020.   
The perception of risks resulting from produced water discharges is based mainly on 
three descriptors, namely; Toxicity, bioavailability and effect on ecosystem or 
community (Ekins et al., 2004). The risks or otherwise associated with produced water 
discharges have been marred in controversy owing largely to the difficulty involved with 
identifying and scientifically verifying what component of produced water poses harm 
(Ekins et al., 2005).  The relationship between these descriptors have been further 
elaborated in Figure 1.1, to show the inter-relationship between these risk descriptors. 
According to Ekins et al., (2005), produced water constituent has to be bioavailable (that 
is available in a form that it can be taken up by living organisms), toxic (available in 
concentrations levels capable of causing harm) before it can have consequences (effect), 
leading to harm.   
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Figure 1.1: Relationship between risk indicators and perceived harm (Ekins et al., 2005) 
 
As a result of this, produced water discharge quality criteria differs slightly from one 
country to the other, although it is almost unanimous in the discharge criteria for the 
oil-in–water (OIW) parameter, following Oslo Paris (OSPAR) Convention 2001.  
There is hardly any doubt about the potential relative toxicity of most components of 
produced water especially the aromatic fraction, however, this depends largely on the 
concentrations they occur in produced water stream. Central to the toxicity of this waste 
stream is the presence of phenolic compounds, especially the alkylated phenols. The 
most abundant phenolic compounds in produced water are the ones with short side 
chains, the C1 –C5 which are mainly phenols, methyl phenols and dimethyl phenols (Røe 
and Johnsen, 1996; Neff et al., 2011). This group of compounds are distinguished by the 
marked variation in chemical properties across the homologous series. Their significance 
in produced water is their low oil/water partition coefficient and high attraction for solid 
sorption (Later and Bennett, 2011). They exhibit high mobility due to their varied 
solubilities in polar and non-polar solvents and can penetrate lipid membranes once 
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they are able to get into the tissues of aquatic organisms (Boitsov et al., 2004). Their 
occurrence in produced water can be small due to possible biodegradation in the 
reservoir during long-range secondary migration, (Larter and Bennett, 2011), and this is 
responsible for their small occurrence in produce water even though they occur in high 
concentrations in petroleum. Long range secondary migration of hydrocarbon entails 
the movement of hydrocarbon from the source rock (usually fine grained shale), through 
fissures and fault lines towards reservoir rock (usually sandstone), while primary 
migration is the movement or “squeezing” of hydrocarbon out of the source rock. The 
process and duration of this oil travel is sometimes long enough for biodegradation and 
other attenuations to reduce the concentrations of these alkylphenols in oils and by 
implication, in PW. 
The partition coefficient of components of produced water is very important in assigning 
risk factors to various constituents of Produced water. According to Frost et al., (1998), 
of all the stable aromatic compounds in crude oil, alkylphenols and polycyclic aromatic 
hydrocarbons (PAHs) are the components of gravest concern and hence the most 
potentially harmful constituents of produced water owing to their toxicity. According to 
Frost et al., (1998 section 5.2), “it is now generally accepted within the scientific 
community that the water-soluble fraction of PAHs and alkylphenols contribute most to 
the acute and chronic toxicity of produced water”. However, PAHs are partitioned into 
the oil phase and less likely to be found in harmful concentrations in produced water 
because of their low aqueous solubility (Faksness et al., 2004; Johnsen et al., 2004),  
regardless of this, both PAH and alkylphenols are considered in literature as the 
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dissolved components of produced water as shown in Figures 1.2 and 1.3. Some of them 
are thought to be toxic, mutagenic, and carcinogenic (Sun et al., 2009).  
In their study of the effect of storage conditions on the produced water chemistry and 
toxicity, Binet et al., (2011) stored produced water which was diluted with sea water (to 
simulate discharge into ocean environment) for a maximum of 96 hours and determined 
the toxicity afterwards, using Microtox® bacterial bioassay. They found that most PW 
constituents were readily degraded by up to 90% due mainly to volatilization of 
benzenes toluene, ethylbenzene and xylene (BTEX) and photodegradation of BTEXs, 
PAH, napththelene, ammonia and Total Petroleum Hydrocarbons (TPHs) of C10 to C28. 
They also found that despite these huge loss of constituents, there was only a slight 
change in toxicity for both the closed and open storage tests. They concluded that 
toxicity was not caused by any of ammonia, naphthalene or BTEXs, but was caused by 
phenols, TPH of C10 to C14 and production chemicals. 
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Figure 1.2: Overview of produced water constituents (Reproduced from Hayes & Arthur, 2004) 
 
Faksness et al., (2004) reported about 85% alkylphenols and 80% 2-6 rings PAHs in 
produced water (these were found mainly in the dispersed oil fraction) as shown in Table 
1.1 below. In Table 1.1, there is no correlation between the variation in the % reduction 
of C4-C5 phenols and the % reduction of oil-in-water. For example, when the oil-in-water 
was reduced by 50% (from 40 to 20 mg/L), there is only 7% reduction (155 to 143 mg/L) 
of C4- C5 phenols. Burns and Codi, (1999) also reported 5 to 10% PAH in produced water 
mainly as dissolved oil in the water fraction, which indicates that, most of the PAHs are 
in the oil phase.  
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Although the one ring aromatic hydrocarbons; (BTEXs) are adjudged the most  abundant 
hydrocarbons in Produced water (Table 1.2), sometimes in concentrations of about 600 
mg/L, they are for most part unstable (Neff et al., 2011). This is due to their extreme 
volatility, which results in the rapid loss of these compounds by air striping during 
treatment and during mixing of produced water with the ocean (Terrens and Tait, 1996).  
Table 1.1: Overview of average concentrations of PAHs and phenols at various concentrations 
of dispersed oil in produced water from some oil fields. Reproduced from Faksness el al., (2004) 
Dispersed oil 
% reduction OIW 
40 mg/l 
0% 
20 mg/l 
50% 
5 mg/l 
87.5% 
 
      % in dispersed 
component µg/l µg/l % reduction µg/l % reduction oil 
2-3 ring PAH 205 122 40% 60 71% 81% 
4-6 ring PAH 3.17 1.77 44% 0.71 78% 89% 
PAHs 208 124 41% 61 71% 81% 
C4-C5 phenols 153 143 7% 136 11% 13% 
C6-C9 phenols 2.47 1.37 45% 0.55 78% 89% 
 
Figure 1.2 above shows an overview of produced water constituents. According to 
Myhre, (2004), short-chained alkylphenols (C1-C3) are the most common ones in 
produced water as shown in Table 1.2 and this view is also shared by Roe and Johnsen 
(1996). From Table 1.1, it is observed that as the concentration of oil-in-water is halved, 
the concentration of C4 and C5 phenols remains almost unchanged, with a 
corresponding reduction of only 7%, and only about 13% in dispersed oil, whereas C6-
C9 phenols show 45% reduction when OIW concentration is halved. All other 
constituents of PW in Table 1.1 show over 80% composition in the dispersed oil 
indicating their final sink in the E&P waste stream. The C6 to C9 alkyl phenols, although 
most toxic, they are however rare in produced water, while Johnsen, et al., (1994), in 
Boitsov et al., (2004) opined that the phenolic fraction in produced water is responsible 
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for its toxicity and are thought to be suspected endocrinal disruptors. These views are 
shared by Boitsov et al., (2004), Yang et al., (2007) and Thomas et al., (2009). OLF, (2001) 
in Boitsov et al., (2004) reported about 116 million m3 of produced water discharge into 
the Norwegian sector of the North Sea with alkylphenols accounting for  mass of 323 
tons, of which 90% are C1 to C3 short chained alkylphenols (SCAPs) and are likely to 
remain dissolved in the water fraction. 
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Table 1.2: Selected Groups of Organic Compounds in Produced Water (Source: Norsk Olje and Gass environmental report 2015) Discharged In 
Produced Water (Kg) 
 
Constituent 
 
2005 
 
2006 
 
2007 
 
2008 
 
2009 
 
2010 
 
2011 
 
2012 
 
2013 
 
2014 
Alkylphenols C1-C3 257 668 335 937 341 254 324 626 310 191 310 217 298 324 300 662 295 596 399 079 
           
Alkylphenols C4-C5 13 273 15 571 12 513 12 473 12 949 10 258 14 360 15 892 13 177 12 846 
Alkylphenols C6-C9 302 132 173 198 184 294 219 124 146 231 
           Others 8 131 449 7 519 086 7 959 150 8 838 787 7 814 585 7 905 978 8 611 126 8 424 293 7 971 565 9 063 413 
BTEX 1 479 637 1 644 661 1 826 674 1 803 998 1 902 925 1 818 173 1 675 059 1 855 037 1 920 150 1 963 541 
           
EPA 16 44 392 66 968 52 567 48 312 51 512 1 541 1 863 1 794 2 255 2 448 
Phenols 170 118 179 405 212 822 207 560 185 041 166 660 179 546 206 564 503 045 653 851 
           
Oil in water 2 097 498 1 057 837 1 178 851 947 549 1 156 501 1 200 078 1 235 608 1 325 326 1 689 917 1 560 328 
Organic acids 34 711 299 34 838 267 35 818 064 31 263 700 27 204 909 24 752 275 22 251 835 22 144 558 53 788 966 31 606 050 
           
PAH 121 454 89 899 73 776 81 157 101 664 140 867 155 915 166 366 156 528 169 764 
* Naphthalene and phenanthrene were removed from EPA-PAH in 2010 
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1.2 Alkylphenols: Origin, Occurrence and Environmental Significance 
These are a family of organic compounds formed from the alkylation of phenols (Lorenc 
et al., 2001) They occur mainly in crude oil and are natural constituents of crude oil and 
coal liquefaction products (OSPAR, 2010; Licha et al., 2002) and depending on the quality 
and origin, their concentration in crude oil vary considerably (Tailor et al., 1997). 
The abbreviation SCAP (short chain alkyl phenols) has been used to differentiate these 
alkyl phenol homologues from other phenols. They have carbon chains ranging from C1 
to C5 (Figure 1.3) and are the most abundant in produced water and drill cuttings which 
have been contaminated by SCAPs. (Bekins et al., 2001, Baedecker et al., 1993). 
According to Sauter and Licha, (2002), there are about 34 C1-C3 SCAPs and phenol,  
made up of; phenol (C0), cresols (C1) which has 3 isomers, dimethylphenols (C2) which 
has 6 isomers, ethylphenols (C2), which has 3 isomers and  trimethylphenols (C3) which 
has 6 isomers. Others are; ethyl methylphenols (C3) with 10 isomers, n-propylphenols 
(C3) with 3 isomers, and isopropylphenols (C3) with 3 isomers. This has been 
represented in Figure 1.3, with each group representative. They are highly soluble in 
aqueous solutions. 
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Figure 1.3: Chemical formula of representatives of each of the eight SCAP subgroups 
(Reproduced from Sauter and Licha, 2002). 
 
In terms of environmental significance, alkylphenols were first reported as oestrogenic 
as far back as 1930. Recent studies have thrown more light on the implications of these 
findings and it is therefore not surprising that three alkylphenolic compounds are listed 
as priority pollutants namely; nonylphenol (NP), octylphenol (OP) and 2,4,6-tri-tert-
butylphenol (OSPAR 2010), because they meet the OSPAR criteria for bioaccumulation 
and persistency. Their toxicity is known to increase with increase in length of their chains 
(Warhurst, 1995). C1-C3 are predominant in produced water, however, only a small 
amount of the long chain alkyl phenols are found in produced water (Tailor et al., 1997; 
Boitsov et al., 2007). 
 From the foregoing, the following deductions can be made: 
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 There is a growing need to better manage existing water resources, which have 
come under stress from industrialization in most regions of the world.  
 Produced water is a major waste stream due its sheer volume and potential 
toxicity and is likely to increase in volume over the next 5 years. 
 The main toxicants in produced water are the alkylphenols which require 
treatment or removal before disposal to forestall potential bioaccumulation and 
toxicity to marine biota. 
 In terms of market share, there is a need for the development of a robust 
produced water treatment system, which has capacity to deal with 
environmentally significant constituents of produced water especially the short 
chained alkylphenols. (Existing treatment methods have been appraised in the 
next chapter under the review of previous literature).  
 Although alkylphenols are currently routinely monitored in some oil installations. 
For example, the North Sea, not many oil producing countries of the world 
monitor this parameter routinely      
The treatment of wastewater has gained more prominence over the years, however 
current efforts are aimed at the removal of dispersed oils in produced water, which in 
effect addresses only part of the problem relating to the toxicity arising from PAHs (as 
these are in the oil fraction). The alkylphenols which partition into the water phase are 
not effectively addressed under most current treatment strategies. In the present study, 
attempts have been made to address these issues using advanced oxidative processes 
(AOP) in coupled systems.   
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1.3  General Aims & Objectives 
The Aim of this study is to establish the mineralization potentials of short chained alkyl 
phenols in produced water by a novel heterogeneous PAN catalyst of De Montfort 
University Leicester, England in an advanced oxidation process utilizing a Fenton-like 
reaction. The optimised oxidation conditions are subsequently applied to a simulated 
produced water sample.  
The following are the objectives to achieve the above aim: 
1. To determine possible reaction intermediates and kinetics of reaction and 
propose an oxidation mechanism for the degradation of DMP. 
2. To carryout batch optimization for the following parameters; catalyst 
concentration, H2O2 concentration, temperature and pH of catalytic reaction.  
3. To carry out a dynamic flow reaction of the catalytic system by scaling up the 
optimised batch reactor system and evaluate same with the DMP in both water 
and in simulated produced water. 
4. To couple the optimised system to simultaneous UV and microwave radiations 
and evaluate the performance of the assisted system in a continuous process.  
 
5. To investigate the activity of the catalyst.  
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1.4 Overview of Dissertation 
Chapter 1 provides the introduction and the objectives of the research. 
Chapter 2 presents a critical review of previous literature for both general and specific 
applications of oxidative decomposition for produced water treatment. It also outlines 
the principles of some of these applications. 
Chapter 3 presents the results for the batch decomposition of DMP in water using the 
PAN catalyst and kinetic data analysis of the process. 
Chapter 4 presents the catalytic decomposition of DMP in water in a continuous plug-
flow system. It also presents the proposed mechanistic pathway for the oxidation of 
DMP in heterogeneous catalytic system. 
Chapter 5 presents the degradation of simulated produced water in both batch and 
continuous flow processes using the modified PAN catalyst in normal Fenton-like 
process, monitoring the loss of DMP, COD, oil-in-water and H2O2.  
Chapter 6 presents UV/microwave assisted Fenton-like reaction of the degradation of 
simulated produced water in continuous flow process, monitoring the loss of DMP, COD, 
oil-in-water and H2O2.  
Chapter 7 presents the conclusion, perspectives and further work. 
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2 Literature Review 
 
 
 
 
 
Literature Review                                                                                                                          E U Ushie 
37 
 
2.1 Introduction 
This review chapter has been approached through three sections; appraisal of current 
produced water treatment methods, the principle of Fenton oxidation, and the potential 
for the application of a novel heterogeneous catalyst in a coupled Fenton-like process 
for the simultaneous removal of alkylated phenols and oils in oil-field produced water. 
2.2 Review of Existing Produced Water Treatment Technologies 
Over the years, a large number of treatment methods have been adopted to treat 
produced water (Ekins et al., 2005). A typical composition of produced water is given in 
Table 2.1. The focus of the present study however is to advance a treatment method 
with potentials to simultaneously remove both the dispersed and dissolved oils, and 
alkylated phenols from produced water (Table 2.2). The selection of a suitable produced 
water treatment method is largely dependent on whether the component is a dispersed 
or a soluble constituent. This is also guided by the existing risk assessment regime by 
regulatory bodies. As it stands today, the focus of all regulatory bodies is the dispersed 
oil in water, even though most other constituents of concern in produced water are 
dissolved in the water phase (Ekins et al., 2005). The good news however is that some 
operators have taken the initiative to effect “zero harmful discharges” of produced 
water to the marine environment by 2020 (Ekins et al., 2005), which supports this work 
in the need for the development of a system with potentials to simultaneously remove 
both the dissolved and dispersed organic components. This initiative is being sustained 
by the introduction of discharge risk assessment and management tools by OSPAR 
decision 2000/2, such as the CHARM (Chemical Hazard Assessment Risk Management) 
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model. The model output known as the hazard quotient (HQ) gives the ratio of the 
predicted environmental concentration (PEC), to the no effect concentration (NEC). 
According to Johnsen et al., (2000), others models such as DREAM (Dose Related Risk 
and Effect Assessment Model) have been deployed in this regard. This review will 
therefore focus on the major treatment methods that emphasize the removal of oils as 
well as those that emphasize the removal of dissolved organics, which is the focus of the 
present study. Ekins et al., (2005) and Arthur et al., (2005) reviewed currently used 
methods for produced water management. Mastouri et al., (2010), have more recently 
comprehensively reviewed methods applied for the removal of oils as follows;  
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Table 2.1: Typical material composition of produced water discharged from oil fields in the 
Norwegian sector of the North Sea (Adopted from Frost et al., 1998; E&P 1994 in Ekins et al., 
2005) 
S
o
u
rc
e
s  Seawater 
 
Produced water  
Ratio  
Produced water: 
seawater (mid) Range Mid Unit Range mid Unit 
So
u
rc
es
: 
Fr
o
st
 1
9
98
, S
ec
ti
on
 1
.2
 
Dispersed oil - - - 15-60 44 mg/L - 
BTEX - - - 1-67 6 mg/L - 
NPD 9-185 88 ng/l 0.06-2.3 1.2 mg/L 0.014 
PAH 1-45 22 ng/l 130-575 468 µg/L 21.273 
Organic Acids (<C6) - - - 55-761 368 mg/L - 
Phenols(C0-C4) - - - 0.1-43 8 mg/L - 
Barium (Ba) 22-80 29 µg/l 0.2-228 87 mg/L 3.0 
Cadmium (Cd) 4-23 10 ng/l 0.5-5 2 µg/L 0.2 
Copper (Cu) 20-500 240 ng/l 22-82 10 µg/L 0.042 
Mercury (Hg) 1-3 2 ng/l <0.1-26 1.9 µg/L 0.95 
Lead (Pd) 20-81 31 ng/l 0.4-8.3 0.7 µg/L 0.023 
Zinc (Zn) 0.3-1.4 0.6 µg/l 0.5-13 7 mg/L 11.666 
 
Iron (Fe)* 
1.8 1.8 µg/l 0.1-15 4.3 mg/L 2.389 
So
u
rc
e:
 E
&
P
 1
99
4,
 p
.4
 
 4.5-6 5.25 mg/L 2.889 
Radium (226RA) 
Radium (228RA) 
1.66 
3.9 
1.66 
3.9 
Bq/L 
Bq/L 
 
Seawater 
concentrations 
not available Manganese (Mn) 0.1-0.5 0.45 mg/L 
Berllium (Be) 0.02 0.02 mg/L 
Nickel (Ni) 0.02-0.3 0.14 mg/L 
Cobalt (Co) 0.3-1 0.35 mg/L 
Vanadium (V) 0.02-0.5 0.24 mg/L 
* Second row set of rows below Iron (Fe) is from E&P 1994, while the top rows are from Frost 1998. Note: 
The    medians for the produced water numbers and the mid points for the seawater concentrations were 
provided in the source. Bq (Becquerel, and 1 Bq = 1 s−1) 
*NPD is Naphthalene, Phenanthrene and Dibenzothiophene  
 
2.2.1 Hydrocyclones 
Also called static oil-water separators, hydrocyclones were first developed in 
Southampton University, United Kingdom in 1978 (Sinker, 2007) and are some of the 
most commonly used produced water management techniques especially in the UK 
(Ekins et al., 2005). The principle of its operation is based on centrifugal forces and the 
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difference in the specific gravity of oil and water. This is achieved by the rotating motion 
of produced water, initiated by the hydrocyclones being fed oily water tangentially, 
thereby intensifying the effect of gravity by several orders of magnitude leading to the 
separation of oil from the water (Mastouri et al., 2010). This force pushes the oils which 
are lighter to the core of the cones, while the heavier water is pushed in a vortex 
outwards, which continues downwards and exits through the narrow end (Figure 2.1). 
Because there is multi-cone modules, there is high oil recovery with small footprints 
(Arthur et al., 2005). Residence time is between 2-3 seconds (Mastouri et al., 2010), with 
free oil removal of 50 to 70 mg/L, however this works only under high pressures and 
high flowrates (Knudsen et al., 2004; Sinker, 2007). This technique separates oil from 
water, but the dissolved organic constituents are not removed (Ekins et al., 2005). 
 
 
Figure 2.1: Schematic of a Hydrocyclone (Mastouri et al., 2010) 
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2.2.2 Centrifuges 
There is no major difference in principle between centrifuges (Figure 2.2) and 
hydrocyclones. Both work under the same basic principle however, the centrifugal force 
in the centrifuges is generated by moving parts, whereas in hydrocyclone, it is generated 
by the tangential inlet feed. Centrifuges are also able to separate smaller droplets of oils 
and consume much higher energy than the hydrocyclones (Ekins et al., 2005). In addition 
to this, centrifuges also operate at lower pressures than the hydrocyclones (Mastouri et 
al., 2010). Centrifuges find fewer applications due to their operational costs (Arnold and 
Stewart, 2008). 
 
       Figure 2.2: Schematic of a Centrifuge (Arnold and Stewart, 2008) 
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2.2.3 Corrugated Plate Separators 
Developed in 1950, corrugated plate separators (Figure 2.3) can remove oil droplet sizes 
of  40µm and above. It uses gravity separation and works by providing longer paths for 
oil to travel through, thereby enhancing coalescence to form larger droplets before 
being collected into skim tanks (Arthur et al., 2005; Mastouri et al., 2010).   
 
Figure 2.3: Schematic showing flow pattern of a typical down-flow CPS design (Source: NATCO 
Group) 
 
2.2.4 American Petroleum Institute (API) Gravity Separator 
According to Mastouri et al., (2010), it is the most frequently used gravity separation 
method used, removing up to 99% free oil of particle size > 150 microns in produced 
water. It is commonly a concrete rectangular basin (Figure 2.4), which provides a surface 
for detention of oily water where separation of oil takes place by gravity, with lighter 
pollutants separating from the heavier ones. The lighter oil separates as floating scum 
and is removed by a device for floating oil removal (API, 1990). This is not effective with 
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small dispersed oil droplets and oil emulsions. With smaller oil droplets, the separation 
time increases significantly. The efficiency depends a lot on the additives; the 
flocculants, coagulants and the separation times (Arthur et al., 2005). 
 
 
 
Figure 2.4: Schematic of an API oil separator. Source: (Baychoke M., 2007)  
 
2.2.5 Flotation Separation  
This works in two different methods; induced air or gas and pressurised air or gas 
flotation. It works by the introduction of charged gas bubbles, which are generated by 
1 Trash Tap (inclined rods) 
2 Oil retention baffles 
3 Flow distributors 
4 Oil layer 
5 Slot pipe skimmer 
6 Adjustable over flow wier 
7 Sludge sump, 
8 Chain and flight scraper 
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electrification into the produced water. These gas bubbles acquire charges, which are 
opposite to the negative charge on the surface of the oil droplets (Frankiewicz and 
Walsh, 2017), thus causing an attraction between the oils and the air or gas bubbles. 
Because the density of the oil is reduced when it is attached to air bubbles the oil rises 
along with the gas bubbles to the surface as the gas bubbles rise, making it easy for oil 
to be floated off (Arthur et al., 2005; Arnold and Stewart, 2008; Bradley, 1990). Although 
it has a high throughput and low retention time, the setback of this treatment method 
is however the limited size of recoverable oil droplet of not smaller than 25 microns 
(Arthur et al., 2005). It finds application as a polishing step in produced water treatment 
(Ekins et al., 2005). This has been presented in Figure 2.5. 
                   
Figure 2.5: Induced gas floatation cell (Source NATCO Group in Arthur et al., 2005) 
 
2.2.6 Adsorption 
Adsorbent materials are those that exhibit hydrophobic – oleophilic properties (Arthur 
et al., 2005). These materials have been effectively used to remove oils from produced 
Air or gas 
inlet 
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water when inlet concentrations are below 10 mg/L (Owens and Lee, 2007 in Arthur et 
al., 2005). Some of these materials have capacity to remove organic constituents of 
wastewaters as well. According to Ekins et al., (2005) and Glimmerman, (2006), 
absorbent materials can be grouped into two main categories; regenerative adsorbents, 
such as Macro Porous Polymer Extraction (MPPE) materials that can be reactivated and 
reused. Insitu regeneration is possible with low-pressure steam, which volatilizes the 
hydrocarbons (Ekins et al., 2005). Non-regenerative adsorbents on the other hand, are 
replaced after use and transported to disposal sites. Their applications span both natural 
and synthetic materials. The problems stem from the environmental issues created by 
the use of non-biodegradable synthetic materials for absorption purposes. Although 
natural equivalents exist in the form of wood chips, coconut and rice husks, cotton wool, 
activated carbon, etc. there is still the problem of having to deal with spent absorbent 
materials, which becomes waste in itself especially those that cannot be regenerated. In 
terms of the economy of re-use or re-generation of adsorption media, it is thought to 
be possible with acid backwash and solvent treatments; however, suspended particles 
are to known to clog the interstices of the adsorption media, diminishing their efficiency, 
which can generate additional wastes (Ahmadun et al., 2009). Commercial applications 
have been found with zeolites, activated carbon, organoclay, sand filters and others 
(Arthur et al., 2005).  
2.2.7 Membrane Filtration 
Membranes are able to remove most aliphatic and aromatic compounds in produced 
water, which effectively constitutes both the dissolved and the dispersed oils in water 
by filtration (Ekins et al., 2005). The membrane pore sizes are usually about 0.1-0.2 µm 
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(micro filtration), so the build-up of filter cake is prevented by cross flows and turbulent 
flows on membrane surface. It is possible to use chemicals (coagulants) to increase 
particle sizes of the oil-in-water droplets and achieve better separation with larger pore 
sized membranes. Cleaning is achieved through a pressure pulsed system and the use of 
chemicals (Ekins et al., 2005). The trapped aliphatics and aromatics are channelled to a 
settling tank where oils are separated. The main disadvantage of these membranes is 
that, its expected lifetime is lower than all other treatment methods (Martin, 2014). 
Periodic fouling by suspended solids often leads to blockage, requiring regular tending. 
There are micro, ultra, and nano filtration membrane systems in addition to reverse 
osmosis Table 2.2 (Mastouri et al., 2010). In most cases if emulsions (slightly viscous oil-
water mixture in the oil/water boundary) are formed as a result of the mixing of 
incompatible oil types, such as asphaltic crude oil and paraffinic crude oil, resulting in 
the precipitation of asphaltenes are not pre-treated with demulsifiers, membranes are 
inefficient and hence not good for oil removal. The main advantage of membranes is 
that they have capacity to remove dissolved oil in water of up to 0.01 µm (ultrafiltration 
drop sizes); however, this comes at a huge cost.  
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 Table 2.2: Applications of advanced membrane filtration technologies (Mastouri et al., 
2010)   
Membrane Filtration Separation Specifications Applications 
Microfiltration (MF) 
>100,000 Daltons 
5 - 0.1 µm 
bacteria, viruses, 
suspended solids, oils etc 
 
Ultrafiltration (UF) 
10,000 to 100,000 Daltons 
0.1- 0.01 µm 
proteins, starch, viruses, colloid 
silica, organics, dyes, fats, paint 
solids etc 
 
Nanofiltration (NF) 
 
1,000 to 100,000 Daltons 
0.01-0.001 µm  
starch, sugar, pesticides, 
herbicides, divalent ions, 
organics, BOD, COD, detergents 
etc 
 
Reverse Osmosis (RO) 
 
salts especially  
0.001 -0.0001 µm 
metal ions, acids, sugars, 
aqueous salts, dyes, natural 
resins, monovalent salts, BOD, 
COD, ions etc 
 
Gas Liquid Membrane 
 
CO2, H2S 
decarbonation, hydrogen 
sulfide removal 
 
2.2.8 Electrodialysis (ED) 
Suitable for produced water with low total dissolved solids, this technique involves 
placing membranes namely; cation exchange membranes (CEM) and anion exchange 
membrane (AEM) between a pair of electrodes (anode and cathode) in a solution of 
produced water containing charged ions (Figure 2.6). These ion exchange membranes 
contain a series of charged functional sites, which function to remove charged 
substances from the wastewater. Positively charged membranes allow the flow of 
anions, while negatively charged ones allow only the flow of cations through it. Since 
charged ions, which are mainly dissolved salts are in solution they are able to flow 
through these membranes and get attached to the electrodes, which bear opposite 
charges from the ions in solution (Mastouri et al., 2010; Ahmadun et al., 2009). This 
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technique’s ability to remove non-charged organic molecules and other non-charged 
constituents is limited.  
 
 Figure 2.6: Schematic of Electrodialysis process. Redrawn from Igunnu, (2014) 
 
2.2.9 Steam Stripping  
Although not suitable for produced water from oil operations, it is able to remove 
hydrocarbons generated from gas production platforms where there is condensed 
water derived from glycol generation in gas fields.  Produced water is brought into 
contact with steam, in and intense fashion, in a packed column in a process known as 
stripping (Ekins et al., 2005). This is able to remove both dispersed and some dissolved 
oils. The vapours of the stripped compounds are then condensed and separated in much 
smaller volumes of water.  
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2.2.10  Freeze Thaw-Evaporation (FTE) 
B.C Technologies (BCT) has successfully applied this technology for the treatment of 
produced water. It involves taking advantage of natural temperature changes resulting 
from the presence of natural salts and other dissolved components of produced water, 
to concentrate dissolved constituents, by alternately freezing and thawing produced 
water, thereby resulting in large volumes of uncontaminated water. The freezing point 
of the produced water is lowered below the freezing point of pure water due to the 
presence of these salts. When produced water solution is cooled below zero 0C pure ice 
crystals are formed in addition to unfrozen solution of produced water containing high 
concentrations of the dissolved constituents. The pure ice, which is essentially 
uncontaminated, is then separated from the unfrozen solution by density difference, 
and thawed (Boysen et al., 1997). Although  this technique has capacity to remove over 
90% of metals, dissolved and suspended solids and TPH, water recovery is mostly only 
during the winter (Boysen et al., 1999). 
2.2.11  Biological Technologies 
The use of biological treatment methods such as the activated sludge systems, trickling 
filtration units, sequencing batch reactors, aerated lagoons etc., have been used for the 
treatment of produced water and is well documented (Ahmadun et al., 2009; Fahkru’l-
Razzi et al., 2009). Although some are easy to operate and use solar energy, however its 
demerits is in the sheer size and weight of these systems which makes their applications 
offshore impracticable (Mastouri and Nadim, 2010). This has also been faced with 
challenges, ranging from resistance of some refractory compounds like the fulvic and 
humic acids to biodegradation (Wang et al., 2012), alteration of microbial organisms by 
Literature Review                                                                                                                          E U Ushie 
50 
 
inorganic compounds as well as long retention periods makes offshore applications 
impracticable (Mastouri and Nadim, 2010).   
A comparison of current treatment technologies for oil and gas produced water by 
Arthur et al., (2005), cited in Ahmadun et al., (2009) and has been presented in Table 
2.3, and some of these techniques have already been discussed. A critical look at the 
treatment methods, which are capable of removing dissolved organic compounds 
highlighted on Table 2.3, exposes treatment gaps, associated with these treatment 
methods. The few techniques which are capable of simultaneously removing both free 
and dissolved oils as well as other dissolved organic compounds of concern in produced 
water have various limitations which make their application challenging.  For instance, 
the application of Extraction technique leads to the generation of solvent waste, which 
requires further management/treatment. Ozonation on the other hand, which is an 
advanced oxidation process, has high energy requirements in addition to high cost of 
chemicals, and side reactions with bromides to form bromates (Br- + O3 →BrO3-) which 
is a suspected carcinogen. Absorption as noted earlier requires effective 
management/disposal of spent absorbents and regeneration wastes.  Membranes are 
expensive and replete with fouling and blockages, requiring frequent regeneration and 
sometimes, outright replacements, leading to high cost implications. In the light of the 
foregoing, an advanced oxidation system, is being proposed, which involves the release 
of an unselective hydroxyl (OH) radical with broad spectrum for the oxidation of most 
organic compounds. 
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Table 2.3: Comparison of current technologies for oil and gas produced water treatment (Arthur et al., 2005, cited in Ahmadun et al., 2009) 
Treatment Description Advantages Disadvantages Waste stream Oil and gas produced water 
applications Corrugated plate 
separator 
Separation of free oil from water 
under gravity effects enhanced by 
flocculation on the surface of 
corrugated plates 
No energy required, cheaper, 
effective for bulk oil removal and 
suspended solid removal, with no 
moving parts, this technology is 
robust and resistant to   
breakdowns in the field 
Inefficient for fine oil particles, 
requirement of high retention 
time, maintenance 
Suspended particles slurry at 
the bottom of the separator 
Oil recovery from emulsions or 
water with high oil content prior to 
discharge. Produced water from 
water-driven reservoirs and water 
flood production are most likely 
feedstocks. Water may contain oil 
and grease in excess of 1000 mg/L. 
Centrifuge Separation of free oil from water 
under centrifugal force generated 
by spinning the centrifuge cylinder 
Efficient removal of smaller oil 
particles and suspended solids, 
lesser retention time high-
throughput 
Energy requirement for spinning, 
high maintenance cost 
Suspended particles 
slurry as pre-treatment 
waste 
 
Hydrocyclone Free oil separation under 
centrifugal 
force generated by pressurized 
tangential input of influent stream 
Compact modules, higher efficiency 
and throughput for smaller oil 
particles 
Energy requirement to pressurize 
inlet, no solid separation, fouling, 
higher maintenance cost 
  
Gas floatation Oil particles attach to induced gas 
bubbles and float to the surface 
No moving parts, higher efficiency 
due to coalescence, easy 
operation, robust and durable 
Generation of large amount of air, 
retention time for separation, 
skim volume 
Skim off volume, lumps of oil  
Extraction Removal of free or dissolved oil 
soluble in lighter hydrocarbon 
solvent 
No energy required, easy operation, 
removes dissolved oil 
Use of solvent, extract handling, 
regeneration of solvent 
Solvent regeneration waste Oil removal from water with low oil 
and grease content (<1000 mg/L) 
or removal of trace 
Ozone Strong oxidizers oxidize soluble 
contaminant and easy operation, 
efficient for primary treatment of 
soluble constituents remove them 
as precipitate 
Easy operation, efficient for primary 
treatment of soluble constituents 
On-site supply of oxidizer, 
separation of precipitate, by-
product CO2, etc. 
Solids precipitated in slurry 
form 
Quantities of oil and grease prior 
to membrane processing. Oil 
reservoirs and thermogenic natural 
gas reservoirs usually contain trace 
amounts of liquid hydrocarbons. 
Adsorption Porous media adsorbs 
contaminants 
from the influent stream 
Compact packed bed modules, 
cheaper, efficient 
High retention time, less efficient 
at higher feed concentration 
Used adsorbent media, 
regeneration waste 
 
Lime softening Addition of lime to remove 
carbonate, 
bicarbonate, etc. hardness 
Cheaper, accessible, can be 
modified 
Chemical addition, post-treatment 
necessary 
Used chemical and 
precipitated waste 
These technologies typically 
require less power and less pre-
treatments than membrane 
Ion-exchange Dissolved salts or minerals are 
ionized and removed by exchanging 
ions with ion-exchangers 
Low energy required, possible 
continuous regeneration of resin, 
efficient, mobile treatment 
possible 
Pre- and post-treatment require 
for high efficiency, produce effluent 
concentrate 
Regeneration chemicals Technologies. Suitable produced 
waters will have TDS values 
between 10,000 and 1000 mg/L. 
Some of the treatments remove 
oil and grease 
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Rapid spray 
evaporation 
Injecting water at high velocity in 
heated air evaporates the water 
which can be condensed to 
obtained treated water 
High quality treated water, higher 
conversion efficiency 
High energy required for heating 
air, required handling of solids 
Waste in sludge form at the 
end of evaporation 
Contaminants and some of them 
require oil and grease 
contaminants to be treated before 
these operations. 
Freeze–thaw 
evaporation 
Utilize natural temperature cycles 
to freeze water into crystals from 
contaminated water and thaw 
crystals to produce pure water 
No energy required, natural 
process, cheaper 
Lower conversion efficiency, long 
operation cycle 
Ditto Rapid spray 
evaporation 
 
Treatment Description Advantages Disadvantages Waste stream Oil and gas produced water 
applications Microfiltration Membrane removes micro-
particles from the water under the 
applied pressure 
Higher recovery of fresh water, 
compact modules 
High energy required, less 
efficiency for divalent, monovalent 
salts, viruses, etc. 
Concentrated waste from 
membrane backwash during 
membrane cleaning,  
Removal of trace oil and grease, 
microbial, soluble organics, divalent 
salts, acids, and trace solids. 
Contaminants can be targeted by 
the selection of The membrane. 
Ultrafiltration Membrane removes ultraparticles 
from the water under the applied 
pressure 
Higher recovery of fresh water, 
compact modules, viruses and 
organics, etc. removal 
High energy, membrane fouling, 
low MW organics, salts, etc 
concentrate stream from the 
filtration 
operation 
 
Reverse osmosis Pure water is squeezed from 
contaminated water under 
pressure differential 
Removes monovalent salts, 
dissolved contaminants, etc., 
compact modules 
High pressure requirements, even 
trace amounts of oil and grease 
can cause membrane fouling 
       Ditto micro filtration Removal of sodium chloride, other 
monovalent salts, and other 
organics. Some organic species 
may require pre-treatment. While 
energy costs increase with higher 
TDS, RO is able to efficiently 
remove salts in excess of 10,000 
mg/L. 
Activated sludge Using oil degrading microorganisms 
to degrade contaminants within 
water 
Cheaper, simple and clean technology Oxygen requirement, large 
dimensions of the filter 
Sludge waste at the end 
of the treatment 
Removal of suspended and trace 
solids, ammonia, boron, metals, 
etc. Post-treatment is normally 
required to separate biomass, 
precipitated solids, dissolved 
gases, etc.  
Constructed 
wetland 
treatment 
Natural oxidation and decomposition 
of contaminants by flora and fauna 
Cheaper, efficient removal of 
dissolved and suspended 
contaminants 
Retention time requirement, 
maintenance, temperature and pH 
effects 
    Ditto activated sludge  
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2.3 Advanced Oxidation Processes (AOP) 
The mention of AOP was first made by Glaze in 1987. It describes the various processes 
and methods used to generate hydroxyl radical (which is the main oxidizing 
intermediate) and other reactive intermediates used for oxidation of a broad spectrum 
of oxidizable organic and inorganic compounds especially in water treatment (Ibhadon 
and Fritzpatrick, 2013). Oxidation refers to the transfer of electrons from the reductant, 
which is an electron donor, to the oxidant, which has a hunger for electrons.  This 
chemical process, results in the transformation of the oxidant and the reductant, 
forming very reactive species called radicals, which have an unpaired valence 
electron(s). These radical species formed from a redox reaction are very reactive due 
their unpaired valence electron and hence unstable. They are able to participate in the 
secondary reaction and initiate the oxidation of other organic compounds in a reaction 
system, up to the point of thermodynamic equilibrium. The reaction of a reactive radical 
species such as a hydroxyl radical which has an oxidation potential of 2.8 V (Table 2.4), 
with organics in a reactive system is what is called advanced oxidation process (AOP) 
(Glaze et al., 1987).  
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Table 2.4: Standard oxidation potential of some oxidants in volts (V). (Legrini et al., 1993; 
Parsons, 2004). 
Oxidant Standard Oxidation potential (V) 
Fluorine (F2) 3.03 
Hydroxyl radical (•OH) 2.80 
Ozone (O3) 2.07 
Hydrogen peroxide (H2O2) 1.77 
Perhydroxyl radical (HO•2) 1.70 
Potassium permanganate (KMnO4) 1.67 
Chlorine dioxide (ClO2) 1.50 
Chlorine (Cl2) 1.36 
Bromine (Br2) 1.09 
 
Advanced Oxidation Processes have generated huge interest in both fundamental and 
applied works and are well documented (Herrmann et al., 1999; Laine and Cheng, 2007; 
Tarr, 2003), owing to their potential to completely transform or degrade contaminants, 
use of environmentally benign reagents, absence of secondary waste and small 
footprints.   
Several varieties of AOPs (Table 2.5), which involve the in-situ generation of OH radicals 
using different processes such: chemical, photochemical, electrochemical and 
sonochemical means are well documented (Gumus and Akbal, 2016; Mehmet and Jean-
Jacques, 2014; Babuponnusami and Muthukumar, 2013; Stasinakis, 2008). The oldest 
and arguably the most applied chemical AOP is the classical Fenton method, which 
involves the use of Fe2+ catalyst in aqueous solution, the presence of H2O2 at acidic pH 
for the oxidation of organic compounds (Tarr, 2003; Gogate and Pandit, 2004). The down 
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side of this application is in the narrow pH range associated with classical homogeneous 
Fenton processes and the sludge produced from the process.  
Table 2.5: Examples of methods classified as AOPs. Source: (Stasinakis, 2008; Munter, 2001; 
Mota et al., 2008) 
Dark AOP Light Driven AOP 
Fenton(Fe2+ + H2O2) UV/H2O2 
Fenton-like systems (Fe3+ + H2O2) UV/TiO2  
Ozonation (O3) O3/UV 
Ozone +H2O2 Photo-Fenton (Fe2+ or Fe3+/H2O2/UV) 
Electrolysis (Electrodes + Current) O3/H2O2/UV 
Sonolysis (Ultrasounds)  
Wet air oxidation (WAO)  
 
2.4 Homogeneous and Heterogeneous Catalysis   
Fundamentally, a catalyst functions by thermodynamically lowering the activation 
energy requirement, and achieves this by providing alternative reaction pathways which 
unlike an un-catalysed reaction, increases reaction rate by circumventing the slow rate 
determining step (Michael, 2000). Depending on the stage of aggregation, catalysts can 
be described as either homogeneous or heterogeneous (Michael, 2000). The term 
homogeneous is used if the catalyst and the reactants are in the reacting phase, whereas 
heterogeneous is used if the reactants and the catalyst are in different phases. In 
conventional homogeneous Fenton reactions, insoluble ferric ion complexes, build up in 
the system owing to the slow regeneration rate of ferrous iron and with increase in pH, 
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there is increased sludge formation, which poses a challenge to system. A lot of research 
has been focused on surmounting these challenges posed by homogeneous processes, 
such as the heterogeneous Fenton-like process. This involves the use of insoluble oxides 
of iron or immobilized iron, such as ferric iron on a solid support, such as has been 
adopted in this study. Homogeneous reactions, initiate faster reactions because they 
are intimately diffused within the medium at a molecular level as are the pollutants but 
the challenge of separation of the treated effluents from the catalyst after a treatment 
cycle does exist, which in turn makes the reuse of catalyst challenging, and expensive. 
In addition, there are regulatory issues involved with the discharge limits for some 
homogeneous catalysts. Heterogeneous catalysis has the advantage of clear effluents, 
catalyst reuse/recycling, which results in low operating cost. There is however a 
challenge of mass transfer limitations and slow initial rates of reactions.    
There have been variations to the traditional Fenton oxidation aimed at improving 
efficiency, giving rise to hybrid or coupled techniques such as ultraviolet (UV-Fenton) or 
Photo-Fenton (which involves irradiating/exposing the Fenton reactions with/to 
electromagnetic irradiations of wavelengths between 190 to 390 nm and between 400 
and 700 nm for UV and Photo-Fenton respectively). Recently, others involve the 
coupling of conventional Fenton reactions to microwave radiations as well as UV in a 
homogeneous system (Barros et al., 2013; Gromboni et al., 2007). The application of UV-
H2O2 for wastewater treatment using solution phase UV reagents such as H2O2 is well 
known, however, this is disadvantaged by the fact that there is relatively high-energy 
demand and the persistent fouling and subsequent lamp sleeve cleaning requirements. 
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2.5 Applications of UV/Photocatalysis  
The growth in industrialization in the 21st century especially in China, India and Brazil 
has resulted in water pollution and air pollution and bringing to the fore a relatively new 
phenomenon known as global warming (Murakami and Fujishima, 2010). Consequently, 
access to safe water has become a more serious challenge in most parts of the planet. 
The effect is even worse in developing countries, where little importance is placed on 
environmental planning and this trend is not expected to abate with the increasing 
population. As a result of this, and for good ecological health, there has never been a 
more urgent need to treat wastewater than now. According to UNESCO Water 
Corporation (2013), about 780 million people lack access to clean water.  Ibhadon and 
Fitzpatrick (2013) however put this value at over 1 billion, while over 2.5 billon people 
mostly from Asia, Africa, central and southern America have challenging sanitary 
conditions. The report also predicted an increase of 2 to 3 billion of world population 
growth over the next 40 years, with an accompanying 70% increase in food demand, 
which is expected to lead to increased agricultural activities, resulting in about 19% 
increase in the demand for agriculture alone by 2030. 
Several water treatment methods have been in use over the decades, however 
applications of these water treatment methods is a function of factors such as 
legislation, efficiency, suitability and cost.  
UV/TiO2 application in water treatment has however gained prominence and was first 
reported as far back as 1977 (Pelaez et al., 2012). The activation of TiO2 surface by UV 
radiation results in two distinct events; the promotion of an electron from the valence 
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band to the conduction band, resulting in electron deficiency in the valence band 
(otherwise called an electron hole h+)  and excess negative charge in the conduction 
band ( e-) (Ohama and Van Gemert, 2011). Because these two outcomes have oxidizing 
and reducing properties respectively, they can participate in redox reactions. However, 
the disadvantage is that, the recombination of the electrons and holes is a very slow 
process. Apart from this, the energy requirement for the photon to promote an electron 
from the valence to the conduction band is high (Eg of TiO2 in anatase phase is 3.2 Ev, 
and corresponds to UVA photons at 388 nm) (Ohama and Van Gemert, 2011). In addition 
to these, post treatment requirements such as separation of catalysts from waste 
water/slurry is also a setback. Notwithstanding, TiO2 catalyst is highly stable in both 
acidic and alkaline solutions.  
UV/H2O2 has found applications in both industrial and domestic water treatment 
systems. This is because; photocatalysis has been proven to oxidize refractory organics, 
which are otherwise not susceptible to biological treatment methods (Machulek Jr. et 
al., 2012). However, most research into the application of photocatalysis for water 
treatment have ended with laboratory scale trials, with a few commercial applications. 
This is due to problems with effective photocatalytic designs, related to poor reaction 
kinetics, mass transfer, light absorption etc (Ray, 1999; Ray and Beenackers, 1996).  
Companies that have commercialised include: RayWox solar photocatalysis,  
(Observatory NANO 2010),  Zentox Corporation (ozonation), Matrix Photocatalytic Inc. 
(UV/TiO2), Clearwater Industries (solar oxidation system), Photox Bradford Ltd. (TiO2), 
Lynntech Inc. (ozonation), Purifics Environmental Technologies Inc, (TiO2 in slurry) etc. 
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(Gervens et at., 2007). Apart from purifics, the others appear to be small companies 
mostly in the product developmental stage. In addition, Clearwater Industries and 
Photox Bradford Ltd are offshoots of researches originally done at universities of Florida 
and Bradford respectively. In terms of environmental impact, photocatalysis especially 
for heterogeneous systems, results in lower impact on the environment owing to its 
versatility, the absence of sludge, absence of biofouling agents and reusability of 
catalyst. Although like most other systems, there is a potent risk of toxic by-products 
formation (Ibhadon and Fitzpatrick, 2013; Pueh, 2010), photocatalysis has found wide 
application in several other fields, some of which have found commercialization 
(Observatory NANO, 2011). Table 6.3 shows a summary of the various applications of 
photocatalysis, fields of application, effects and practical examples as given by 
Murakami and Fujishima, (2010). 
 
 
 
 
 
 
 
 
Literature Review                                                                                                                          E U Ushie 
60 
 
Table 2.6: Applications of Photocatalysis (Akira et. al., 2000; Murakami and Fujishima, 2010; 
Observatory NANO, 2011). 
Function Basic Application Primary effect Practical examples 
Oxidative 
decomposition 
Air Cleaning 
Deodorization 
VOC elimination 
NOx Elimination 
Air cleaners, air 
conditioning, Road asphalt, 
crosswalk brick 
Blinds, curtains, wallpaper 
Water 
decontamination 
Elimination of harmful 
substances, 
Elimination of persistent 
biological substances 
Eliminating Bacteria 
Degradation of organics. 
River water, 
Ground water, 
 Industrial wastewater, 
Nutrient solution cleaning, 
systems for hydroponic 
agriculture, 
Water cleaning device for 
lakes etc. 
Antibacterial 
applications and 
sterilization 
Eliminating viruses, 
Sterilization and 
antibacterial action, 
Mold prevention, 
Elimination of hazardous 
substances 
Walls and floors of hospital, 
operating rooms, interiors 
etc. Catheters 
Clothing such as uniforms, 
masks warfare chemicals 
Super-hydrophilic 
properties 
Anti-soiling, 
antifogging 
applications 
Oil contamination 
elimination 
Prevention of fogging 
Self-cleaning  
Buildings (tiles and paint) 
Tent films, Glass windows 
Automobile slide mirrors 
Sound barriers, cover glass, 
etc. 
Water Cleaving 
Power and Energy Splitting of water 
molecule 
Hydrogen production as 
clean energy 
 
The focus of the present study is on oxidative photocatalytic decomposition potentials 
with respect to wastewater, highlighted in Table 2.6 above.  
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2.6 Application of Microwave (MW) Radiation in Advanced Oxidation 
Processes 
The application of microwave radiation in AOP for the treatment of wastewater in less 
turbid wastewater streams is well documented (Sun and Pignatello, 1993; Herrmann et 
al., 1999; Remya and Lin, 2011; Baros et al., 2013).  The details of the principle and 
mechanism of activation is discussed in detail in chapter six. It has found application in 
several organic synthesis reactions (Mohammadi, 2013) and in the acceleration of 
organic chemical reactions and in most cases, performed better than the conventional 
heating (Abramovitch, 1999; Strauss and Trainor, 1995). Gromboni et al., (2007) 
reported the coupling of MW to photo-Fenton reaction for the degradation of 
chlorfenviphos and cypermethrin where residual carbon content was monitored. 
Results showed over 98% removal in 4 min. The reaction parameters included 950 W 
MW power, Cadmium low pressure special lamps were used, In the reaction, microwave 
radiation was used to activate UV radiation, using special UV lamps developed by Florian 
and Knapp Germany. The lamps emission wavelengths was 228 nm.  Reagent 
concentrations were as for a variable wastewater volume of 9 to 30 mL is as follows: 
0.5–6.0 mL of H2O2 30% (m/v), and 1.0–4.0 g L−1 of Fe(II).  
Remya and Lin, (2011) made a compilation of MW coupled processes at different 
experimental conditions and substrates with varying results as shown in Table 2.7 
below.  
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Table 2.7: Studies of coupled MW with other AOPs. (Remya and Lin, 2011) 
Contaminant and 
its type 
Type of AOP Reaction condition/chemical oxidation 
scheme 
Degradation 
efficiency, % 
(time, min) 
Mineralization 
efficiency, % 
(time, min) 
Remarks 
      
Residual water with 
clofenvinphos and 
cypermethrin 
MW-photo-Fenton 
process 
Waste water composition – 400:1 (v/v) of water and 
pesticide (13.8% (m/v) clofenvinphos and 2.6% (m/v) 
cypermethrin), volume – 10 mL, Fe(II) solution –     
2.1 × 10−3 mol/L and H2 O2  1.1 mol/L, MW output 
power – 950 W, temperature – 140 ◦ C. 
 
– 95 Without MW, only 86% of degradation was 
observed after 5 h of photo-Fenton process. 
     
            
            Pharmaceutical waste MW-Fenton like 
process 
Initial COD loading – 49912.5 mg/L, volume – 57.53 1. MW-Fenton process improved the 
water  – 50 mL, H2 O2 dosage – 1300 mg/L,   degradation efficiency and the settling 
quality   Fe2 (SO4 )3 dosage – 4900 mg/L, MW output   of sludge. 
  power – 300 W, temperature – 28 ◦ C, pH –   2. In addition, it reduced the yield of sludge 
  4.42.   and improved the biodegradability of 
effluent. 
Atrazine (organic MW/UV (EDLs) Initial concentration – 50 mg/L, volume – 100  – Dechlorination–hydroxylation mechanism is 
compound with an s  50 mL, EDLs A – 254, 297, 313, 365, 405,   one of the main degradation mechanisms of 
triazine-ring)  436, 546, 577 and 579 nm, light intensity –   atrazine. 
  9–10 mW/cm2 , MW output power – 900 W.    
Bromophenol blue 
(BPB) 
MW/UV (EDLs) Initial concentration – 100 mg/L, volume – 100   MW/UV could cause benzene ring open to 
(triphenyl methane 
dye) 
 50 mL, EDLs A – 400–760 nm, light   generate aliphatic intermediates. 
  intensity – 440 cd/m2 , MW output power –    
  900 W, temperature – 100 ◦ C.    
Acid orange 7 (AO7) 
(azo 
MW/UV (EDLs)/H2 O2 Initial concentration – 100 mg/L, volume – ∼95  30 MW/EDL/H2 O2 process was 32% more 
effective dye)  750 mL, air – 0.15 m3 /h, MW output power   than H2 O2 /TEL (traditional electrode lamp) 
  – 700 W (continuous mode), temperature –   process in the degradation of AO7. 
 
Phenol 
 
MW/UV/H2 O2 
38 ± 1 ◦ C. 
Initial concentration - 200 mg/L, volume – 
 
90 
 
95 
 
MW irradiation increased both phenol 
  300 mL, MW output power – 1 kW, 
temperature – 50 ◦ C, low pressure Hg lamp 8W 
  conversion and TOC removal efficiency 
above 50%. 
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Phenol, 
chlorobenzene, 
MW/UV/H2 O2 Initial concentration – 10−3 mol/L (except – – 1. Simultaneous MW/UV/H2 O2 remediation 
nitrobenzene,  PCP with concentration – 6 × 10−6 mol/L),   was more efficient than MW/H2 O2 and 
4-chlorophenol (4-
CP), and 
pentachlorophenol 
(PCP) 
 H2 O2 concentration – 5 × 10−3 mol/L, MW 
output power – 900 W, conventional 
  UV/H2 O2 based treatments. 
2. The degradation of phenol and 
  high-pressure Hg discharge lamp – 400W, 
temperature – 20 ◦ C.  
  chlorobenzene were increased respectively 
by a factor of 21 and 6 for MW/UV/H2 O2 
     based treatment compared to the sum of 
     degradation from MW/H2 O2 and UV/H2O2 
     remediation. 
     3. Combined effect of MW and UV showed 
     modest enhancement in the degradation 
rate      of nitrobenzene, 4-CP and PCP. 
2,4-
Dichlorophenox
y acetic acid 
(2,4-D) 
MW/UV (EDLs)/TiO2 Initial concentration – 0.04 mM, TiO2 loading – 50 
g/10 ml of 2,4-D solution, light 
100  – The rate of degradation (2 × 10−3 mM/min) 
showed that the MW/UV/TiO2 was 10 times 
(chlorophenoxyacetic  irradiance – 2 mW/cm2 with a wavelength   more efficient than photocatalytic method. 
herbicide)  of 314, 366, 405, 436, 546 and 577 nm, MW    
  output power – 700 W, temperature –    
  200 ◦ C, pH – 4.9.    
Methylene blue (MB) MW/UV (EDLs)/TiO2 Initial concentration – 100 mg/L, volume – 96  50 The decomposition of MB could be by the 
(heterocyclic aromatic  50 mL, TiO2 loading – 0.1 mg, EDLs A –   enhanced production of active radicals. 
compound)  250–760 nm, MW power – 900 W,    
  temperature – 100 ◦ C, pH – 7.    
Bisphenol A (BPA) MW/UV (EDLs)/TiO2 Initial concentration – 0.1 mM, volume – – 100 MWPC two-fold faster mineralization 
(endocrine disruptor)  30 mL, TiO2 loading – 60 mg, light   compared to the photocatalysis method 
  irradiance – 0.9 mW/cm2 , MW output   because of the accelerated generation of 
the highly oxidizing OH. 
  power – 1.5 kW, temperature – 150 ◦ C,    
  pressure – 1 MPa, pH – 6.7    
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2.7 Application of AOPs in Oily Wastewater or Produced Water 
Treatment 
AOP is considered an emerging technology in produced water management because not 
much work has been undertaken in this field. Most studies done so far have not gone 
beyond pilot scale trials.  The application of conventional Fenton reagent for the 
treatment of refinery waste at laboratory scale, where total petroleum hydrocarbon 
(TPH) was monitored has been reported by Hasan et al., (2014). TPH reduction rate of 
36.47% was recorded. Further reduction of TPH by 73.07% was achieved by dilution, 
with the addition of 40 mL water per gram of the oily sludge under optimized conditions.  
Conventional Fenton reaction has also been applied at laboratory scale for the 
remediation of simulated produced water for the removal of PAH – Naphthalene (Ma et 
al., 2014), where 98% removal was recorded at optimum experimental conditions after 
60 minutes.  
At industrial scale, ESCO international recently applied AOP using ozone and UV at pilot 
scale for the treatment of produced water, which lowered the COD from 300 mg/L to 
acceptable levels of less than 50 mg/L, with oil concentrations dropping from 20 mg/L 
to less than 0.1 mg/L. After what they described as successful trials, they are now 
involved with the design of an AOP treatment plant, capable of handling flowrates of 
900 m3/h produced water effluents (ESCO International, 2014). However, they did not 
study the dissolved organics such as alkyl phenols. UV disinfection using TiO2 as catalyst 
has also currently been applied at industrial scale to deal with common oil production 
environment bacteria, such as sulphate reducing bacteria, acid producing bacteria and 
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slime forming bacteria, which can cause H2S intrusion in oil wells and corrosion (ATG UV 
Technologies, 2017).  
The use of heterogeneous Fenton catalysis for the treatment of produced water is not 
reported, save for refinery wastewater, whose characteristics mirrors that of produced 
water but which is clearly different in composition. No attempts at simultaneous 
application of UV-Fenton-MW in a heterogeneous Fenton-like process for the 
degradation of produced water from oil and gas production been done to the author’s 
knowledge and this forms the focus of the present study.  
The disadvantages of AOPs include high operating costs resulting from the cost of 
reagents for poorly optimised processes, slightly high capital costs reduced efficiency 
(depending on the type of process; mainly homogeneous or heterogeneous). There is 
also a problem of the formation of potentially toxic recalcitrant reaction intermediates, 
reduced efficiency from turbid wastewater (as with photochemical systems), etc.  
2.8 Modified Heterogeneous Polyacrylonitrile (PAN) Catalyst 
Due to the merits associated with the application of heterogeneous catalysis over the 
homogeneous, such as: easy separation from reaction effluent, low cost, ease of 
preparation, ease of regeneration, and a potentially extended pH range, there has been 
tremendous interest focused on the synthesis of heterogeneous Fenton like catalysis. 
This interest has been directed mostly at modification of fibres especially PAN (Li et al., 
2013; Han et al., 2011; Vitkovskaya et al., 2003), owing to its durability and structural 
strength such as elastic resistance to most oxidants, mineral acids and heat (Choudhury 
2006; Dong et al., 2010). This modification process involves the impregnation of 
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catalytically active transition metal complexes on the functionalized surface of PAN 
fibres. Transition metals are preferred in this application because of their partially filled 
d orbitals making them highly reactive (Hagen, 2000).  
Studies at De Montfort University has led to further development of a novel fibrous 
heterogeneous PAN catalyst, through the immobilization of a catalytically active Fe3+ on 
the surface of the functionalized polymer. The presence of chemically highly reactive 
nitrile groups on the polymer, allowed functionalisation with a mixture of hydroxylamine 
and hydrazine salts in alkaline solution to form chelating ligands (carboxylilate, amins 
and oxime) (Ishtchenko et al., 2003; Vitkovskaya et al., 2003). This indigenous catalyst 
has been successfully tested for the oxidative decomposition of several waste effluents 
from pharmaceutical, textile, agrochemical, etc., and other model compounds at 
laboratory scale in a heterogeneous Fenton-like process using H2O2 as oxidant (Chi et 
al., 2013; Chi & Huddersman, 2011; Chi and Huddersman, 2007). Pilot scale trials on 
oestrogen removal from municipal waste stream and remediation of landfill leachate 
has also been reported. A Recent pilot trial in the application of the fibrous material 
(before impregnation with the Fe3+ catalyst) allowed its use as an ion exchange material, 
which has also been hugely successful for metal uptake (Upreti et al., 2016). The present 
study focuses on the application of this modified PAN catalyst for the simultaneous 
removal of alkylated phenols and oils from oil and gas produced water, in a Fenton-like 
oxidation process and in a UV/microwave assisted Fenton oxidation process as a 
potential technique for produced water treatment.   
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2.9 Fenton/Fenton-like Reactions 
Fenton reaction involves the use of Fenton’s reagent, which is an aqueous solution of 
hydrogen peroxide and ferrous iron (Fe2+), for the decontamination of organic 
pollutants. This was first reported by Henry John Fenton in 1894 (Machulek Jr. et al., 
2012). Fenton-like processes as described earlier involves the use of other transition 
metals or some form of adaptation or modification of the catalyst source. The 
mechanism of the classic Fenton reaction according to Fenton, H. J. (1894), is based on 
advanced oxidation process, which has already been discussed. However, the species 
responsible for oxidation in the classic Fenton reaction has remained a subject of 
controversy; whether this reaction is based on a radical pathway or a ferryl route. The 
number of reaction equations as well has been a subject of this controversy. Some 
reactions that best describe possible reactions occurring in Fenton or Fenton-like 
processes have however been generally accepted by most studies and these few 
reactions have been divided into three groups (Hasan et al., 2014; Hermosilla et al., 
2009; Pignatello et al., 2006; De Laat and Gallard, 1999) as follows 
i. Reactions of inorganic species which include Fe0, Fe2+, Fe3+, H2O2 , •OH and HO2•.  
The equations in this category are; 
Fe0 + H2O2 + 2H+   → Fe2+ + 2H2O (not used in this work)                (2.1) 
Fe2+ + H2O2 → Fe3++ OH- + •OH                                                            (2.2) 
Fe3+ + H2O2 → Fe2++ HO•2 + H+                                                               (2.3) 
Fe2+ + •OH → Fe3+ + OH-                                                                         (2.4) 
Fe3+ + HO•2 → Fe2++ O2 + H+                                                                 (2.5) 
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ii. Reactions of reactive species in equations (2.6 to 2.10) with organic substrates, 
which include contaminants and by-products. These include; 
RH + •OH → R• + H2O                                                                              (2.6) 
R• + Fe3+ → R+ + Fe2+                                                                               (2.7) 
R• + Fe2+ + H+ → RH + Fe3+                                                                     (2.8) 
R• + H2O2 → ROH +•OH                                                                          (2.9) 
R• + O2 → ROO•                                                                                      (2.10) 
 
iii. The Third set of reactions according to Hasan et al., (2014) and Kusic et al., 
(2006) are reactions which are otherwise known as the side reactions or 
scavenging reactions. These are; 
H2O2 + •OH    → HO•2 + H2O                                                                 (2.11) 
HO•2 + •OH → H2O + O2                                                                                                          (2.12) 
•OH + •OH → H2O2                                                                                 (2.13) 
2.10 Summary of Literature Review and Literature Gaps 
Several established techniques for wastewater treatment currently in use at industrial 
scale are well documented; however, there is limited literature on the application of 
Fenton/Fenton-like oxidation for the treatment of produced water or related waste 
stream. Most of the current techniques are able to remove suspended or dispersed oils 
through physical means (absorption, separation and gravity methods). The use of 
filtration membranes has been useful for the removal of chloride and other dissolved 
organic compounds; however, cost and frequent fouling have hindered the application 
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of this technique. In addition, most of the techniques capable of removing dissolved 
organic components and suspended oils are mere phase transfer processes and not 
mineralization.  
The application of a Fenton-like technique appears to be a promising technique and its 
efficiency can be enhanced by the use of coupled technologies such as UV and 
microwave radiations. The next chapter, (chapter three) deals with the catalysis of DMP 
in water using the PAN heterogeneous catalyst in H2O2 system both in batch and in 
continuous flow regime.    
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3 Catalytic Degradation of 3,5-Dimethyl Phenol (DMP) 
Using a Modified Heterogeneous PAN Catalyst  in a 
Fenton-Like Process – Reaction Process Optimization. 
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3.1   Introduction 
This chapter focuses on the catalytic degradation of DMP in both batch and continuous 
flow modes. It presents the reaction optimization process using the one-factor-at-a-time 
model (OFAT), in batch mode, and the optimised conditions from the batch process are 
further applied in a continuous flow mode, where the effects of process parameters on 
the treatment process have been investigated. In addition, it details the source, type 
and quality of the materials used for the study of the Fenton-like catalytic degradation 
of hydrogen peroxide and DMP, which has the structural formula shown in Figure 3.1.  
 
Figure 3.1: Structural formula of DMP 
 
Furthermore, this chapter documents and justifies the choice of the analytical methods 
employed in monitoring the reaction process and the experimental procedures adopted. 
The process optimization of the decomposition of hydrogen peroxide and DMP which 
represents a model alkylphenol found in produced water, catalysed by a PAN 
heterogeneous catalyst is intended to establish the best conditions for this process 
which would form a basis for scaling up the reaction process. 
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3.2 Aims 
• To establish the optimum reaction conditions in batch mode for the process 
parameters such as concentration of H2O2, amount of catalyst, temperature, pH 
of reaction solution, concentration of substrate. 
• To scale-up the batch process in a continuous flow system. 
•  To make inferences on the oxidation route (radical or ferryl) by incorporating a 
known radical scavenger in the reaction solution.  
• To draw significant conclusions and make recommendations.  
 
3.3 Experimentation 
Alkyl phenols generally have high polarity and low volatility (Yang Bai-Juan et al., 2007). 
However, their chemical properties in water vary as the substituent on the aromatic ring 
changes (Burin et al., 2011). This makes analysis of this class of compounds challenging 
for analytical chemists. According to Lee, (2000) and Burin et al., (2011), HPLC is the 
most reliable analytical method for the analysis of phenols in water, using C18 reverse- 
phase columns, UV detection systems and polar organic solvents. Bravo et al., (2006) 
reported the use of both reverse phase and normal phase chromatography in the 
analysis of phenols in water where he noted that separation in the reverse phase was 
based mainly on the hydrophobicity. Accordingly, the longer the carbon chains of the 
alkyl groups of phenols, the longer the retention time for the analyte. For normal phase 
however, he maintained that separation was based on geometry and polarity, making it 
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easy for separations between isomers. He also noted that peak overlap was a common 
phenomenon to both reverse and normal phase columns.  
3.3.1 Instrumentation for Batch Work 
3.3.1.1 High Performance Liquid Chromatography (HPLC) 
Chromatography in general terms is an analytical method which involves the separation 
of the constituents of a mixture by passing the mixture of compounds (either in liquid 
or gaseous matrix) through a chromatographic column of immobilized stationary phase, 
aided by a mobile phase usually a solvent (HPLC) or a combination of gases (GC) (Kupiec, 
2004). Separation is achieved by selective interaction between the constituents of the 
mixture and the stationary phase.  
A Perkin Elmer series 200 HPLC with a UV detection system was used for monitoring 
DMP degradation using the following instrumental parameters; the column was a C18 
250 mm x 4.6 mm with internal packing of 5 µm aggregates purchased from 
Phenomenex. Isocratic gradient mobile phase of acetonitrile and water (40:60 v/v) in 1 
L solvent bottle was used. The injection volume was 40 µL, with a loop volume of 20 µL. 
The detection wavelength was 210 nm and flow rate was 1 mL/min with a total run time 
of 6 min.  
3.3.1.2  DMP Calibration Using HPLC 
Equipment calibration was carried out as follows: 25 mg/L of DMP was used for 
preliminary studies. 1000 mg/L standard stock solution was prepared in double distilled 
water by first dissolving 0.1 g of DMP in 100 mL volume. The DMP standard was carefully 
weighed out into a 100 mL volumetric flask and made up to mark with double distilled 
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water. The solution was then sonicated for 60 min to achieve faster and complete 
solubilisation. Working standards of 5, 10, 15, 20, and 25 mg/L were prepared in 
triplicates by serial dilution from the standard stock and analysed in the HPLC using the 
instrument conditions specified in section 3.3.1. The calibration graph is as shown in 
Figure 3.2. 
 
Figure 3.2: Calibration graph for DMP analysed by HPLC-UV detection method 
 
3.3.1.3 Hydrogen Peroxide Calibration using HPLC 
Equipment calibration for H2O2 was done using 30% w/v H2O2 solution purchased from 
Fisher scientific UK. The seven- point calibration spanned from 25 mg/L to 1500 mg/L 
made up in double distilled water, averaged from duplicate injections in the HPLC. The 
instrument parameters and chromatographic conditions used in the HPLC for H2O2 
determination/quantification are same as those described in section 4.3.1.1. Peak 
retention time was 2.5 min. The calibration graph is as shown in Figure 3.3. 
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Figure 3.3: Calibration Graph for H2O2 using HPLC. Calibration standards were prepared as per 
section 3.3.1.2 
 
3.3.1.4 Analysis of Chemical oxygen Demand (COD) Using Spectrophotometry 
The chemical oxygen demand COD, was monitored using spectrophotometry reference 
method –COD cuvette test ISO 15705 with cuvette vials product code LCI 400, measuring 
range 0 – 1000 mg/L for DMP in water. 2 mL of sample was pipetted into the specified 
vial after shaking the vial for proper mixing of constituents. This was again agitated after 
sample introduction to enable proper mixing of the sample with the constituents of the 
vial. The vial was then placed in a Hach Lange LT200 heating block, pre-set for COD 
analysis (148 oC for two hours). The solution was cooled to room temperature and COD 
was measured directly on a DR 3800 Hach Lange spectrophotometer. To compensate 
for H2O2 interference in the COD values, contribution of H2O2 to COD was done.  This 
was achieved by HPLC determination for residual H2O2. The concentration of H2O2 
determined by HLPC was applied in the calibration graph equation of H2O2 Vs COD. The 
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determined value (which is equal to the H2O2 contribution to COD) was then subtracted 
from the measured COD in reaction solution, to get the actual COD. A calibration graph 
of the contribution of H2O2 to COD is presented in Figure 3.4.  
The HPLC method was evaluated and compared with the colorimetric method for the 
determination of H2O2 using titanium sulphate and similar results were obtained. The 
calibration graph for the colorimetric method and H2O2 method have been presented in 
Figure 3.5. The results were validated by plotting H2O2 calibration by HPLC against, H2O2 
calibration absorbances determined by UV-Visible titanium sulphate method and the R2 
of the graph which is expected to be 1, was 0.99, suggesting a reasonable goodness of 
fit (Figure 3.6). 
 
Figure 3.4: Calibration curve for the contribution of H2O2 to COD. H2O2 standards prepared in 
double distilled water, ranging between 50 and 1000 ppm were analysed in DR 3800 Hach Lange 
spectrophotometer. 
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Figure 3.5: Calibration graph for both colorimetric and HPLC determination of H2O2  
 
 
 
Figure 3.6: Validation plot with respect to the UV-Vis TISO4 method for the use of HPLC analytical 
method in the determination of H2O2. 
The calorimetric method was first reported by Eisenberg in 1943. Essentially, the Ti(SO4)2 
colorimetric method is based on the photoelectric measurement of the intense yellow 
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colour intensities, resulting from the formation of pertitanic acid, which is a product of 
the reaction between H2O2 and titanium sulphate reagent according to equation 3.1 
below. The reagent solution was prepared according to the protocol described by 
Eisenberg, (1943).  
Briefly, 1 g of anhydrous titanium dioxide was digested in 100 mL of sulphuric acid for 
16 hours at a temperature of 150 oC. The cooled solution was diluted four folds using 
double distilled water. This was then filtered using qualitative filter paper (150 mm) 
before use. The same calibration standards used for the HPLC H2O2 calibration were 
used to calibrate the UV-Vis spectrophotometer and the calibration graphs are 
presented in Figure 3.5 above. 
Ti4+ + H2O2 + 2H2O → H2TiO4 (pertitanic acid) + 4H+                                                               … (3.1)                 
 
3.3.2 Analytical processes for Continuous flow experiments 
For the continuous flow experiments, loss of DMP and H2O2 were monitored on the 
HPLC and leached iron from the catalyst was measured by AAS. The conditions for these 
analytical techniques have been described in more detail previously and below.  
3.3.2.1 HPLC Analysis 
A Perkin Elmer series 200 HPLC with a UV detector was used for monitoring of DMP loss 
using instrumental parameters previously described in section 3.3.1.1. 
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3.3.2.2 Analysis of Total Iron Leached into Reaction Solution and on the Catalyst 
The leached iron concentration for the reaction process was monitored using a 
PerkinElmer flame atomic absorption spectrometer (AAS) AAnalyst 200 model. The 
calibration showed a good linearity between 0.25 and 10 mg/L using a 1000 mg/L 
standard stock, from which working standards between 0.25 and 10 mg/L were made 
up in double distilled water and used for the calibration. A six-point calibration on this 
instrument gave an R2 value of 0.996 as presented in Figure 3.7. This calibration range 
was chosen after preliminary tests showed that iron leached from the catalyst during 
the reaction fell within the concentration range and that the range was linear.  
 
Figure 3.7: Calibration graph for the determination of total Fe using AAS 
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Table 3.1: Chemicals, Reagents and materials  
 
  
Other materials are Marlow series 101U peristaltic pump, Clark Boxer compressor pump 
and P1000 Gilson pipette. A Jenway-350 portable pH meter was used for pH monitoring 
while a Kern PLJ 2100-2M weighing balance was used to weigh out PAN catalytic mesh 
and substrate. 
 
 
 
Chemical/reagent Chemical 
Formula 
Molar mass 
(g) 
% Purity Source 
Acetonitrile CH3CN 41 >99 Sigma Aldrich 
Double distilled 
water 
H2O 18  DMU-Fistreem 
Cyclon: 
WSC044 
Hydrochloric acid HCl 36 35 Sigma Aldrich 
3,5-Dimethyphenol  (CH3)2C6H4 122 >99 Sigma Aldrich 
Sodium Hydroxide NaOH 40 98 Sigma Aldrich 
Acetic Acid CH3COOH 60 99 Sigma Aldrich 
Hydrogen Peroxide H2O2 34 30 Fisher 
scientific 
Dichloromethane CH2Cl2 85 99.9 Sigma Aldrich 
Methanol CH3OH 32 99 Sigma Aldrich 
Titanium dioxide TiO2 79 99.5 Sigma Aldrich 
Sulphuric acid H2SO4 98 95-98 Sigma Aldrich 
Qualitative filter 
paper 
  QL 100 Fisher 
scientific 
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3.4 Experimental Methodology 
3.4.1 Substrate Preparation:  
500 mg/L stock solution was prepared by carefully weighing out 100 mg of DMP pure 
standard, into 200 mL flask and making it up to mark with double distilled water. 200 mL 
of 25 mg/L solution of the model organic pollutant (DMP) was then prepared from the 
500 mg/L stock solution by carefully measuring out 10 mL from DMP stock into a 200 mL 
volumetric flask and making up to mark with double distilled water. 200 mL of DMP was 
prepared to enable duplicate catalytic runs and the average results were reported. 
3.4.2 Catalyst Normalisation 
About 50 g of PAN catalytic mesh was carefully cut and washed gently with water to 
remove loose material (including loosely held iron) and air-dried at room temperature. 
The catalyst mesh was then immersed in a 1000 mL beaker filled with double distilled 
water, which was then gradually adjusted to desired pH using 0.1M HCl and /or 0.1 M 
NaOH. The mesh was then removed from solution and air-dried after the pH was 
observed to be stable over one hour. 
3.4.3 Experimental Procedure for Catalysis of 3,5-DMP with H2O2 in Batch Mode 
The normalised PAN catalyst mesh was cut and weighed out to predetermined weights 
of between 2 g to 6 g (1 g of yarn contains 0.272 mmol/g of PAN mesh). From 200 mL of 
25 mg/L DMP solution, 100 mL each was transferred into two 250 mL reactors 
(thermostatted Radley carousel). The catalytic reaction was then initiated by the 
addition of 400 ppm H2O2 into the reactor vessels containing the substrate solution and 
the catalyst. The initiation reaction step is as shown in equation (2.3). 
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Samples were taken at predetermined intervals of 15 min to monitor the loss of both 
DMP and the H2O2. The first sample (0 min) was taken before the introduction of 
catalyst, subsequently, the required amount of catalyst was introduced into the 100 mL 
DMP solution, the pH of the solution (catalyst and substrate) was checked and adjusted 
to desired pH and H2O2 was introduced. Stirring was achieved by using a stirring bar 
(flea) in the reactor, set to 400 rpm to ensure proper mixing. The reaction was timed to 
ensure regular sampling intervals. The effect of temperature was investigated between 
10 and 40 oC, and the effect of H2O2 concentration was investigated between 0 and 600 
ppm. The effect of pH was also investigated from pH3 to pH9, while the effect of 
substrate concentration was examined between 25 and 100 mg/L. The effect of a 
hydroxyl radical scavenger on the reaction was investigated by the addition of tertiary 
butyl alcohol at concentrations between 20 and 2500 mg/L. Finally, the effect of catalyst 
concentration was investigated by loading between 2 g and 6 g of catalyst.  
3.4.4 Experimental Procedure for Continuous Flow Experiments 
The experimental rig for this process is as presented in Figures 3.8a and 3.8b 
(photograph of reactor set up and sketch of reactor set up respectively). In total, two 
continuous flow experiments were conducted for the oxidation of DMP using the 
modified PAN heterogeneous catalyst. The initial experiment was designed for process 
optimization to get the best conditions for the treatment process (Pinheiro and Wagner, 
2001). The optimised conditions were then scaled up, and applied in the second 
continuous flow experiment.  
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The reactor used for the continuous flow experiments was a cylindrical borosilicate glass 
reactor, stacked vertically using clamps, and measuring 20 cm in length with an internal 
diameter of 1.5 cm. It consisted of an outlet and an inlet at the top and bottom of the 
reactor for treated effluent and influent respectively. The structure of this reactor was 
consistent with a plug-flow reactor system, but unlike conventional plug-flow reactor 
systems, mixing was in the axial direction (one end to the other or back to front) not 
radial, using a Clark Boxer compressor pump, delivering air at a rate varied between 6 
and 10 cm3/min from the bottom of the reactor.  
Most catalytic reactor systems operate as plug-flow processes, where the concentration 
of reactants varies throughout the tube length, and hence the reaction rate also varies 
except for zero order reactions (Rosen, 2014).  Where the catalyst is impregnated on a 
solid support as in this case and interacting with fluid phase reagents, the rate of 
catalytic reaction is proportional to the exposed area, efficiency of diffusion of reagents 
and the degree of turbulent mixing (Ibragimov, 2011; Bird et al., 2002; Fogler, 2006; 
Forni, 1999). 
For the first experiment, 12.5 g of catalyst was cut into round discs and stacked 
centrically, in a vertical fashion along the column of the reactor. Baffles were created 
using perforated plastic material cut into the same round shape as the catalysts discs 
but of slightly larger diameter, which fitted tightly into the reactor. These were held in 
place by a plastic string, fixed centrally in the reactor.  
The feedstock (substrate solution) made up of 50 mg/L DMP and oxidant solution – 800 
ppm H2O2, was delivered from separate influent tanks into the 300 mL capacity reactor, 
Continuous Flow and Oxidation Intermediates Studies of DMP                                           E U Ushie 
84 
 
via silicone tubing of outside diameter, 4.8 mm and inside diameter of 2 mm. The 
reaction volume was 200 mL. The solutions of DMP and H2O2 were delivered into the 
reactor via peristaltic pumps at a variable flow rate of 0.3 to 0.82 mL/min to achieve a 
variable residence time, giving a reacting substrate concentration of 25 mg/L of DMP 
and 400 mg/L H2O2 after combination in the reactor.  
Fresh feedstock was replenished as required, while the process parameters (flow rate 
or residence time, H2O2 concentration and air flow rate ) were monitored and optimised 
for the first continuous flow reaction, to get the optimum conditions which were then 
used for the repeat experiment. 
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Figure 3.8a: Photograph of continuous flow reactor set up for DMP 
degradation 
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3.4.5 Experimental procedure for the Determination of Leached Iron and amount of 
iron on Mesh 
To determine the iron leached into the reaction solution, sample volumes of 20 mL were 
collected in plastic bottles, from treated effluent, acidified to pH 2, and analysed on the 
AAS to get the leached iron into reaction solution. 
The amount of Iron held on the mesh was determined as follows; 0.1 g of yarn was 
carefully untwined and digested in 25 mL vials to which 10 mL of concentrated HCL was 
carefully transferred (in 4 replicates). All four vials were tightly stoppered, placed on a 
digestion-heating block and heated at 150 oC for two hours. This was allowed to cool 
down to room temperature and the contents of each of them was transferred into a 100 
mL volumetric flask by passing the contents over a glass funnel fitted with quantitative 
filter paper and the residue was rinsed with 10 mL of 2 M HCl. The filtrates were made 
up to mark with double distilled water in the 100 mL volumetric flask. 1 mL of filtrate 
solution was withdrawn into a 10 mL volumetric flask using an auto pipette and made 
up to mark. This was then analysed on the AAS.  
3.4.6 Evaluation of the Extent of Homogeneous Contribution by Leached Iron 
Extent of homogeneous contribution to the heterogeneous system was investigated. To 
do this, at the end of the experiment (after two hours), the catalyst was removed from 
the solution and both the main and duplicate reaction solutions were mixed together 
and agitated. 0.45 µm syringe filter was used to filter out 15 mL solution to test for total 
iron leached using the AAS. The solutions were then acidified and tested for total iron 
content. This procedure was repeated as duplicate. 
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The experimental procedure was repeated under the same conditions but this time, at 
the end of the experiment, the catalyst was removed from solution and the solution was 
reconstituted to 25 mg/L of DMP and pH, adjusted to 3.0. The total loss of peroxide from 
the reacting solution was determined by HPLC and calculated to be 35% which 
corresponds to 140 mg/L and which is equivalent to the theoretical peroxide demand 
for the complete oxidation of 25 mg/L of DMP (section 3.4.5 below).  42 µL of 30% by 
weight H2O2 was then carefully measured out into the same solution to initiate a fresh 
catalytic reaction where the only catalyst present was the leached iron (this formed the 
post-run reaction solution).  
A similar reaction solution using freshly prepared Fe2(SO4)3.7H2O, of concentration 0.8 
mg/L, equivalent to the measured iron leached into solution from the catalyst to 
evaluate the contribution of homogeneous leached iron to the catalytic oxidation 
reaction. 
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3.5 Results and Discussions for Batch Reactions 
3.5.1 Theoretical Peroxide Demand for Mineralization of 25 mg/L DMP 
The amount of H2O2 in moles, theoretically required to completely oxidize a mole of an 
organic compound in this case DMP (Figure 3.8, RMM 122 g/mol) is the theoretical 
peroxide demand. This was calculated mathematically as shown to serve as a guide. 
 
Figure 3.8: Chemical Structure of 3,5-DMP 
For 25 mg/L DMP in 100 mL reaction volume, = 25 mg/L, = 2.5 mg/100 mL 
C8H10O + 10O2 → 8CO2 + 5H2O                                                                                   … (3.2) 
2H2O2 → 2H2O+O2                                                                                                               … (3.3) 
2 moles H2O2 → 1 mole O2 + 2 moles H2O                                                                … (3.4) 
25 mg DMP/122= 0.205 mmoles/L DMP 
0.205 mmoles/L DMP ∴ requires 0.205 x 20 x 34 mg/L H2O2 
H2O2 =139.4 mg/L  
3.5.2  Effect of pH on the Decomposition of 3,5-DMP 
Hydrogen ion potential (pH) is the most important process parameter in Fenton reaction 
(Bishop et al., 1968). It plays a crucial role in Fenton chemistry reactions and accounts 
for the catalyst’s stability, reactivity, solubility (for homogenous), type of radicals 
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formed and as a consequence, the efficiency of the degradation process (Pignatello et 
al., 2006; Petri et al., 2011).  
The catalytic degradation of 3,5-DMP and H2O2 at various pH values over time is as 
shown in Figures 3.9 and 3.11 respectively. The fastest rate of loss of DMP was observed 
at pH3 as shown in Figure 3.9 and this is in agreement with Gulkaya et al., (2006), Tamimi 
et al., (2008), and Emami et al., (2010). In their case, however, Fe2+ was used as catalyst 
in a homogeneous system.  
 
Figure 3.9: Degradation of DMP at different pHs under the following conditions; 5 g catalyst, 
400 mg/L H2O2, pH 3, 5, 7 and 9 at a temperature of 25 oC±1 
 
Other workers (Pignatello et al., 2006; Bautista et al., 2007; Homem et al., 2010) have 
documented slightly different optimums for pH in homogeneous Fenton reactions with 
a range between pH2.5 and 4.5. Kanel et al., (2003) while working on soil 
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decontamination held a different view on the optimum pH for Fenton-like catalytic 
decomposition of phenanthrene, using Geothite (ferric oxyhydroxide, Figure 3.10) as a 
catalyst in a heterogeneous system. They documented an increase in the degradation of 
phenanthrene as pH was increased from 3 to 7. This view is shared by Watts, (1999), 
who also used Geothite and silica as catalyst in insitu soil remediation at neutral pH with 
unstabilized H2O2 as oxidant. They contended that the increase in oxidation rate as pH 
was increased from 3 towards 7, was due to contribution of hydroxylated form of iron 
(Fe(OH)+),  which is 10  times more reactive than Fe2+ (Pignatello et al., 2006). Fe(OH)+ 
reacts faster with H2O2 to yield •OH according to equation (3.5) and this must have 
contributed to the oxidation process, and hence increased the rate of oxidation of 
organic compounds.  
H2O2 + Fe(OH)2 +→ Fe(OH)2+ + •OH                                                                             ...(3.5) 
 
 
Figure 3.10: Chemical structure of Goethite 
 
Although there was no significant difference in the rate of loss of DMP between pH 5, 7 
and 9 which is clearly distinguishable from sorption  in the present study, the order of 
the rate of loss was 3>>5 >7>9, indicating a reduction in the rate of loss of substrate with 
rise in pH. The reason for this is not very clear. Salgado et al., (2013), suggested that the 
type of reactive species produced during Fenton reactions and hence the reactivity is pH 
dependent. They further explained that the reactivity of Fenton reaction at pH 3 is 
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directly related to the speciation of Fe3+, and its stability at various pH. They contend 
that, although both [Fe(OH)]+ and Fe3+ are both involved in Fenton reaction, the main 
specie is the Fe2+ especially at low pH, because it more solution, however, the [Fe(OH)]+  
is far more reactive than the Fe2+. As the pH is increased, soluble species of iron are not 
stable and hence the limited reaction. The reactivity of the [Fe(OH)]+ is because its 
ligands are able to exchange H2O for H2O2 to form a peroxo-complex [Fe(OOH)]+, which 
is thought to be an intermediary of the Fenton reaction (Szulbinski,  2000).    
Walling, (1975) on the other hand, linked the loss of reactivity at weakly acidic pH to 
what was termed, “dilute acid solution” during the decomposition of H2O2 by Fe3+ to the 
formation of H2O and O2 according to the following equation (3.6). 
  2H2O2 → 2H2O + O2                                                                                                    … (3.6) 
3.5.3 Effect of pH on the Degradation of H2O2 Using PAN Catalyst 
The effect of the pH on the reaction is being considered in terms of its effect on both 
the degradation of the substrate (DMP) and its effect on the H2O2, which has an indirect 
effect on the reaction.  
Loss of H2O2 at pH 3 and 5 was about 28 and 30% respectively (Figure 3.11), and almost 
at the same rate. The experiments for the assessment of loss of H2O2 at pH5 were 
repeated (Figure 3.12) using a different H2O2 quantification method (colorimetric 
method) for validation and the results were similar.  These experiments were repeated 
using a different H2O2 calibration method for comparison. Some studies have also 
reported a rapid loss of H2O2 at pH above 4 (US Peroxide 2016), although in 
homogeneous systems, the present study is in agreement with this. There was a 
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significant increase in the rate of loss of H2O2 as the solution pH was raised above 5, 
suggesting an increase in the rate of H2O2 degradation with increase in pH. Several 
reasons have been advanced for an increased rate of degradation H2O2 and in general 
these include; temperature, solution pH, and the presence of impurities (Yazici et al., 
2010; Evonik Industries, 2016). 
 
 
Figure 3.11: Loss of H2O2 over time at pH 3,5,7 and 9, with 5 g catalyst, 400 mg/L initial H2O2 
concentration, 25 mg/L of DMP  at 25±1 oC in 100 mL of reaction solution. 
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Figure 3.12: Loss of H2O2 at pH 5 using colorimetric and HPLC quantification methods (for 
analytical method comparison) 
 
This has further been explained in terms of the stability of iron species with respect to 
pH. Bishop et al., (1968), while working with ferric salts in Fenton oxidation of refractory 
organics in municipal wastewater, observed a trend similar as reported in the present 
study, in the loss of both substrate (as COD) and H2O2. They reported a better substrate 
removal at pH 3, from an initial COD of 126 mg/L down to 40 mg/L and from 126 down 
to 54 mg/L for pH5 (for what they termed Loveland waste) as shown in Figures 3.14 and 
3.15 respectively, all marked with broken red lines.  Stumm, (1964) explained that below 
pH3, the predominant soluble ferric species are the hydrated ferric ion [Fe(H2O)6]+3, 
while between pH3 and 4, the iron specie is hydrated ferric complex [Fe(OH)(H2O)5]+2. 
Above pH 4, the soluble ferric specie changes to [Fe(OH)2(H20)4]+ and with further 
increase in pH, ends up as Fe(OH)4-. This means that the total concentration of insoluble 
ferric species increases as the pH is increased. This suggests that, at the transition or 
switching boundary between pH4 and 5, the species of ferric iron, is likely to be low 
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amounts of hydrated ferric ion [Fe(H2O)6]+3 and equally low amounts of hydrated ferric 
complex [Fe(OH)(H2O)5]+2. These are responsible for the slow degradation of H2O2 at 
pH5 as shown in Figure 3.11 above. However, beyond this transition boundary, the rapid 
loss of H2O2 indicates a change in degradation mechanism of H2O2 from a soluble ferric 
species driven mechanism, to a base-catalysed mechanism on the surface of the 
flocculated Fe(OH)3 (Bishop et al., 1968).   
Table 3.2 (unless otherwise stated, all solutions were acidified before analysis). pH9 had 
the highest leached total iron concentration (1.6722 mg/L), while the filtered solution 
of pH 9 reaction (before acidification) had less total iron concentration (0.2025 mg/L). 
This suggests that the stability of the different ferric species at different pH (as listed by 
Stumm, 1964) bond differently to the ligands at different pH, with the Fe(OH)4- held 
loosely by the ligands at pH9, while [Fe(OH)2(H20)4]+ appears to be held tightly at pH 7. 
The colloidal or flocculated iron is thought to have been responsible for the rapid 
catalytic decomposition of H2O2 at pH 9 to H2O and O2, as shown in equation 3.6 (Bishop 
et al., 1968; Watts et al., 1993; Khan et al., 1994; Salgado et al., 2013; US Peroxide 2016; 
Kanel et al., 2003).               
Table 3.2: Leached iron in solution at various pH from 5 g of catalyst and 400 mg/L of H2O2 in 
100 mL. (pH was monitored throughout the experiments) 
Solution pH 3 5 7 9 (Filtered, 
unacidified) 
9  
Total Iron Conc. 
(mg/L) 
0.8060 
 
 
0.0322 ND 0.2025 1.6722 
*ND = below detection  
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From Table 3.2, pH 7 had undetectable amounts of leached iron in reaction solution 
followed by pH 5 (0.0322 mg/L).   
Overall, the order of leached iron in solution was pH7 < 5 < 3 < 9 . The reaction solutions 
before acidification were filtered and the residue showed variation in colour at different 
pH. The residue on the filter is as shown in Figure 3.13.  
 
Figure 3.13: Photograph of residues of filtered reaction solutions after 2 h reaction using 0.45 
µm syringe filter. 
 
Bishop et al., (1968) has also linked this rapid breakdown of H2O2 at higher pH to the 
production of organic acids, oxidation products and the potential for chelation and 
complexing ferric ions in the reaction system, although no proof was provided for this.  
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 Figure 3.14: Rate of loss of COD according to similar studies by Bishop et al., (1968) 
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Figure 3.15: Rate of loss of H2O2 according to similar studies by Bishop et al., (1968) 
 
3.5.4 Effect of H2O2 Concentration on the decomposition of 3,5-DMP 
The use of H2O2 as an oxidant for disinfection, water treatment purposes and other 
industrial applications is well documented. Used separately, iron salts and H2O2 are not 
efficient oxidation agents against most complex organic compounds (Bishop et al., 
1968). This claim has been supported in this work by control experiments (0 mg/L H2O2) 
as shown on Figure 3.16 below. There was a 15% loss of DMP, and this is likely due to 
sorption on the catalytic mesh.  
pH 3 and 5 showing 
similar rates of loss 
of H2O2 
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Figure 3.16: Effect of initial H2O2 concentration on the degradation of DMP. Reaction parameters 
were; pH3, 25 mg/L DMP, 25oC±1, 5 g catalyst, 100 mL reaction volume. 
 
Figure 3.16 above shows the effect of H2O2 concentration on the rate of degradation of 
the model pollutant used for this study, DMP. The rate of loss in 120 min of reaction 
with respect to variation in the concentration of H2O2 under the following experimental 
conditions; 5 g catalyst, pH3, 25±1OC, 100 mL reaction volume, 25 mg/L initial 
concentration of 3,5-DMP is stratified into four defined bands. These are; 0 mg/L, which 
showed a loss of about 15% substrate due to sorption on the surface of the catalyst, 
500, 200 and 300 mg/L which together forms a second band with a relatively gentle loss 
of DMP. In addition, 800 mg/L, which is the third band, showed a better rate of loss of 
DMP, compared to the second band. Lastly, 400 mg/L H2O2 yielded the fastest rate of 
loss of substrate. Interestingly, for an initial 400 ppm H2O2 concentration, the peroxide 
degradation of 30% (Figure 3.16) coincided with the calculated theoretical peroxide 
demand value for the oxidation of 25 mg/L of 3,5-DMP which was 139.4 mg/L, however, 
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complete mineralization may not have been achieved as evident in the formation of 
organic acids (section 4.3.4.4  Chapter four).  
As shown in Figure 3.16, there is a corresponding increase in reactivity with increase 
H2O2 until a threshold of 400 mg/L after which a further increase no longer had a positive 
effect on the reactivity of the system. This trend is in agreement with previous studies 
by Zhang et al., (2005), Jiang et al., (2010), Gulsen and Turan, (2004) and Beltran et al., 
(1995). In their study of the effect of H2O2 on Fenton-like reactions, Jiang et al., (2010) 
showed that increase in the concentration of H2O2 enhanced the degradation of phenol 
but noted that excess H2O2 resulted in decrease in the decomposition of H2O2, and by 
extension, the phenol. They attributed this to “scavenging” of the hydroxyl radical by 
the excess H2O2. Their position is strengthened by Kavitha and Palanivelu, (2005) who 
also believe that the reduction in the rate of loss of substrate beyond “optimum 
concentration of H2O2” could be as a result of scavenging of OH radical. They argued 
that the excess H2O2 reacts with •OH to form hydroperoxyl radical (HO2•) as shown by 
equation (3.7) which is a weaker free radical species (Torrades et al., 2003; Chamarro et 
al., 2001; Lu et al., 1999 Kavitha and Palanivelu, 2005). 
•OH +H2O2 → HO2• + H2O                                                                                          … (3.7) 
3.5.5    Effect of Catalyst concentration on the degradation of H2O2 
The rate of loss of H2O2 in Fenton type reactions has also been looked at by several 
workers.  Hermosilla et al., (2009) looked at factors other than pH that influence the loss 
of H2O2 in Fenton oxidation reactions. They suggested that the consumption of H2O2 in 
Fenton type reactions also depends on the concentration of catalyst in the reaction. 
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They showed that the higher the catalyst concentration, the faster the rate of loss of 
H2O2 under the same experimental conditions. Although marginal, the present study 
follows a similar pattern as shown in Figure 3.17 below. 5 g and 6 g catalysts show the 
same rate of loss. This suggests that, the rate had become limiting most likely by the 
rate of diffusion of H2O2 to the catalyst.  There was about 30% loss of H2O2 in two hours 
for 5 g catalyst and a corresponding loss of > 99% DMP (see Figure 3.18).  
 
Figure 3.17: Relative rate of loss of H2O2 with respect to change in concentration of catalyst. 
Conditions: pH3, 25 mg/L DMP, 400 mg/L H2O2, temp 25 oC in 100 mL reaction volume. 
 
3.5.6 Effect of Catalyst Concentration on Degradation of DMP 
In heterogeneous Fenton-like processes, the effect of iron catalyst dosing follows a 
similar pattern to that of the homogeneous system except that, in the homogeneous 
reaction, excessive dosing of iron salts increases both the overall total dissolved solids 
in the treated effluents and the conductivity which may require further treatment 
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(Hermosilla et al., 2009). The effect of increased concentration of catalyst was examined 
over a range of 0 g to 6 g of catalyst. (1 g of catalyst = 0.272 mmol Fe/g of PAN mesh). 
Figure 3.18 shows that H2O2 alone is unable to decompose DMP over an 80 min period, 
after which it slowly begins to decompose DMP. There was a corresponding increase in 
the rate of loss of DMP with increase in the concentration of catalyst from 2 g to 5 g and 
no increased reactivity beyond 5 g. This conforms to the views of Lu et al., (1999) and 
Torrades et al., (2003). They contended that in excess concentration of Fe3+/Fe2+ 
catalyst, there is a possibility of •OH scavenging according the equations 3.8.  
                               •OH + Fe2+ → HO– + Fe3+                                                                  …(3.8)                            
 
Figure 3.18: Degradation of DMP as a function of catalyst concentration and H2O2 concentration 
of 400 ppm, DMP of 25 mg/L, at pH3, and temperature of 25±1 oC, 100 mL reaction volume.  *1 
g of catalyst =0.272 mmol Fe/g of PAN mesh. 
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The reaction of 5 g and 6 g catalyst in DMP degradation ties with the H2O2 degradation 
graph for 5 g and 6 g catalyst in Figure 3.17, while a similar trend is followed by 2, 3 and 
4 g catalyst (Figure 3.18), with respect to H2O2 degradation in Figure 3.17.  
3.5.7 Effect of Homogeneous Fenton Catalysis Contribution 
The degree/extent of influence of homogeneous catalysis on the rate of conversion of 
DMP was investigated according to the procedure described in section 3.4.6, following 
the confirmation of leached iron in solution (Table 3.2). The catalyst was removed after 
catalysis and a fresh feed introduced into the catalysed solution. The results are as 
presented in Figure 3.19. The homogeneous catalytic activity in the reaction contributed 
to about 13.5% loss of DMP.  
 
Figure 3.19: Effect of homogeneous Fenton contribution to catalytic system. Reaction condition; 
pH3, 5 g catalyst for heterogeneous process, 0.8 mg/L Fe2(SO4)3·5H2O  as Fe3+ used for 
homogenous catalysis, leached iron 0.8 ppm, 400 mg/L H2O2, 25o C±1. 
 
0
20
40
60
80
100
120
- 2 0 0 2 0 4 0 6 0 8 0 1 0 0 1 2 0 1 4 0
%
 lo
ss
 o
f 
D
M
P
Time (min)
Extent of Homogeneous contribution
Homogeneous 0.8ppm
residual leached iron
solution
Homogeneous 0.8ppm
Fe(lll) salt
 5g PAN Catalyst catalysis
Process optimization and kinetics of 3,5-DMP Oxidation                                                      E U Ushie 
104 
 
A Similar experiment was conducted using the same concentration of Fe 
(Fe2(SO4)3·5H2O) as the amount of iron (lll) leached from the catalyst  at the end of the 
2 hour reaction.  A similar result of 10.4% loss of DMP after 2 hours was observed in 
comparison. The heterogeneous system achieved a DMP degradation > 99%. This result 
would suggest that the reaction process was mainly catalysed in the heterogeneous 
phase with about 13.5% contributions from the homogeneous processes. 
Apart from the low absolute concentration of soluble iron in solution after the reaction, 
the poor performance of the homogeneous system could also be due to the molar ratios 
of the main constituents of the Fenton reagent. Most authors have suggested a molar 
ratio (Fe:H2O2) of between 1:5 to 1:95 as optimums for homogeneous Fenton oxidation 
depending on the type and specie of iron (Hermosilla et al., 2009; Khamaruddin 2011). 
Hence, with a ratio of 1: 823 (0.8:400 Fe: H2O2) in the present system described in Figure 
3.18 above, there was a possibility of scavenging by excess H2O2. 
Finally, the amount of iron on the mesh was determined according to the procedure 
previously described in section 3.4.5, and assayed on the AAS. The iron on the mesh was 
calculated as follows: 
Measured concentration on the AAS was 3.038 mg/L.  
Hence, 3.038 mg/L x DF = 30.379 mg/L 
(Where DF is dilution factor = 10) 
That is, 3.038 mg of Fe in 100 mL (equivalent to 30.38 mg in 1000 mL) 
If 3.038 mg of Fe was digested from 0.1 g of yarn 
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∴ 1 g of yarn would have 30.38 mg of Fe = 0.544 mmol/g of yarn = 0.272 mmol/g of PAN 
mesh 
3.5.8 Effect of Temperature 
Figure 3.21 shows the rate of removal of DMP over time at different temperatures. The 
rate of removal of DMP was monitored at 10, 25 and 40 oC. 10 oC was achieved by using 
a refrigerating circulator as shown in Figure 3.20, in a 300 mL jacketed open reactor 
which was covered with a cling film. The reacting mixture was stirred by a flea and 
magnetic stirrer, set at 350 rpm. Quality control was maintained by testing the reaction 
temperature with an external digital temperature probe at regular intervals. 
 
Figure 3.20: Reaction system set-up for effect of temperature on the degradation of DMP 
 
There was a corresponding increase in the rate of removal as the temperature was 
increased from 10 through 25 to 40 oC as shown on Figure 3.21. Expectedly, the reaction 
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of 10 oC at 40 min of reaction showed about 19% loss of DMP, while the reaction run at 
25 oC showed 85% loss of DMP at 40 min. The 40 oC reaction had the fastest rate and 
was completed in less than 40 min. The temperature range was chosen to reflect cold, 
temperate and warm climatic conditions. The results are in agreement with US Peroxide, 
(2016), but they however reported a decline in efficiency beyond 40-50 oC which was 
attributed to the instability of H2O2 at high temperatures. They held that, at high 
temperatures H2O2 decomposes quickly to O2 and H2O according to equation 3.6. 
 
 
Figure 3.21: Effect of temperature on the degradation of DMP with time. DMP 25 mg/L, H2O2 
400 ppm, pH3, 100 mL reaction volume and 5 g catalyst. 
 
According to Zhang et al., (2005), organic compound conversion in Fenton and Fenton-
like reactions tend to increase with rise in temperature as reflected in the increased 
removal of COD with increased temperature. In their study on the effect of temperature 
on the Fenton oxidation of landfill leachate, Aygun et al., (2012), also found a direct 
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correlation between temperature increase and improvement in degradation and COD 
removal. Hermosilla et al., (2009) also indicated that there was a slight increase in COD 
removal with temperature increase however, it was not significant when temperature 
was increased from 25 to 35 and then to 45 OC, giving an average COD loss of 64% in all, 
using conventional Fenton in a homogeneous system in the treatment of Landfill 
leachate.  
3.5.9  Effect of Tertiary Butyl Alcohol 
Several compounds have been identified as radical scavengers and this is well 
documented. Joshi et al., (2001) reported the successful use of folic acid as a hydroxyl 
radical scavenger due to its anti-oxidant properties. Tertiary butyl alcohol (TBA) has also 
been used by Jiang et al., (2010), to demonstrate the reaction pathway of Fenton and 
Fenton-like processes. According to them, the high reaction rate constant recorded in 
the reaction of TBA and hydroxyl radical is a pointer to its radical scavenging properties. 
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Figure 3.22: The degradation of DMP over time in the presence of TBA. pH3, H2O2 400 ppm, 
temp 25 oC±1, 5 g catalyst and 100 mL reaction volume. 
 
The results from Figure 3.22 above shows decrease in the reaction rate as the 
concentration of TBA increases at 25±1 oC. At 120 min, DMP was least degraded when 
TBA concentration was 2500 ppm. For 20 ppm TBA, there was an insignificant effect on 
the rate of degradation of DMP which suggests that the rate of reaction of •OH with TBA 
at that concentration is similar to the reaction rate of DMP with •OH. Therefore, the 
effect of TBA takes effect only when the concentration of TBA is high (2500 ppm), 
resulting in the slow degradation of DMP. The rate-limiting factor therefore was the TBA. 
According to Teton et al., (1995), the reaction rate constant for the reaction of TBA and 
•OH is very high and varies with temperature, which makes TBA a •OH scavenger as 
exemplified in Figure 3.21 above. They recorded a rate constant k for the reaction of 
•OH and TBA of 1.07± 0.08 X 1012 molecule-1 s-1 at 298 K (24.9 oC), while Wallington et 
al., (1988), reported  a higher k value of 3.3 ± 1.6 X 1012  molecule-1 s-1 at 310 ± 150 K 
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(36.9 ± -123 oC). Figure 3.22 therefore suggests that this reaction (equation 3.9 below) 
was likely a radical type reaction at pH3 although further laboratory studies are required 
to fully verify this.  
•OH + (CH3)3COH → CH2(CH3)2OH  + H2O                                                                      … (3.9) 
3.5.10 Effect of Initial Concentration of Substrate 
The effect of the initial concentration of DMP was investigated and the results for the 
relative and absolute loss of DMP with increase in concentration are presented in Figure 
3.23 and 3.24. The results from Figure 3.23 shows 99.3% removal at 25 mg/L initial 
concentration of DMP, 85.8% removal at 50 mg/L initial DMP concentration and 82% 
removal at 100 ppm initial DMP concentration. This indicates that the initial DMP 
concentration is an important factor in the extent of degradation. The higher the initial 
concentration, the lower extent of degradation and the slower the disappearance of 
DMP. The total amount of DMP degraded per unit time at 60 minutes was 30 mg/L for 
50 mg/L initial concentration of DMP (equivalent to 60% loss) and 58 mg/L for 100 mg/L 
initial concentration of DMP. This observation is in agreement with Asim et al., (2005). 
In their study of phenol and chlorinated phenol degradation using Fenton’s reagent, 
they reported that the solutions containing higher concentrations of both phenols and 
chlorinated phenols recorded slower relative degradation, but higher amount of 
conversion and no explanation was given for this. The slow loss of DMP at higher initial 
concentrations may be due to increased competition for OH radicals between the 
intermediates and the DMP molecules as a result of increased initial concentration of 
DMP. Belattar et al., (2012) also made similar observation while studying the effect of 
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initial concentration on the decomposition of DMP, and suggested similar reasons. The 
saturation of catalyst active sites as a result of higher concentration of DMP can also 
lead to slower reactions and could be responsible for the slower loss of DMP in this case, 
where the ratio of H2O2:DMP was constant. 
 
 
Figure 3.23: Effect of concentration on the degradation of DMP showing relative concentrations. 
Reaction volume of 100 mL, 400 mg/L H2O2, 5 g catalyst, pH3 and 25 oC ±1. 
 
The rate of removal of DMP is shown in Figure 3.24 below, using the absolute 
concentrations plots. In terms of rate in relative loss; 25 mg/L > 50 ~ 100 mg/L (Figure 
3.24), while in terms of absolute loss of , rate of loss was 100 mg/L > 50 mg/L > 25 mg/L 
(Figure 3.24). 
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Figure 3.24: Effect of concentration on the degradation of DMP showing absolute 
concentrations. Reaction volume of 100 mL, H2O2 400 mg/L, 5 g catalyst, pH3 and 25 oC ± 2. 
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3.6 Results and Discussions for Continuous Flow Reactions 
The results of the continuous flow experiments for the heterogeneous degradation of 
DMP at room temperature are presented in Figure 3.25. The rate of loss of DMP, 
peroxide, and leached iron were monitored. In addition, the effect of H2O2 
concentration, effect of variation of retention time, effect of variation in airflow rate on 
and the amount of leached iron and the loss of DMP were also investigated.  
 
Figure 3.25:  Effect of various process parameters on the loss of DMP, H2O2 and leached iron at 
pH3, ambient temperature, 12.5 g catalyst (production roll 3) 200mL reaction volume, Initial 
DMP of 25 mg/L, initial H2O2 of 200, 400, and 500 mg/L, RT of 4 h (0.83 mL/min) and 5 h (0.66 
mL/min). 
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3.6.1 Effect of Air flow rate on the rate of Loss of DMP  
Control experiments were carried out in Radley carousel reactor in batch mode to 
evaluate the possible oxidizing effect of oxygen from air (or stripping effect of air) on 
DMP before an air compressor was used to achieve mixing in the continuous flow 
experiments. This experiment was done in other to evaluate the possibility of the loss 
of DMP through the sparging effect of the air pump, which could have a possible 
volatilization effect on DMP. The results are presented in Figure 3.25a. The results 
showed a 20% loss of DMP with only air as oxidant, after five hours reaction time. The 
reaction conditions for the control experiment was as follows: 25 mg/L DMP, 5 g of 
catalyst, pH3 at ambient temperature and airflow rate 10 cm3/min. This result is in 
agreement with sorption experiments (catalyst without peroxide) presented previously 
in Figure 3.9 where about 13% loss of DMP was reported to be due to sorption at 120 
min. The total loss of DMP in the present control experiment was about 20% (Figure 
3.5a); however, the duration was 5 hours. It is likely that the extra loss of about 7% 
resulted from further sorption over the extended reaction time, as DMP is relatively 
stable, with a boiling point of 219 oC, and a low vapor pressure of 0.0405 mm Hg @ 25 
oC, which makes it less volatile (International chemicals safety cards 2017).  
This suggestion is corroborated by the chromatograms for the control experiment where 
bubbled air was used to effect mixing. These have been presented in Figure 3.26 and 
show no indication of degradation products, suggesting that, in addition to sorption, the 
extra loss of DMP may not have been due to catalytic activity. Loss from stripping or 
oxidation would have continued, not tailed off. 
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Figure 3.25a: Loss of DMP using air as oxidant at pH3, 5 g catalyst, 25 mg/L DMP, 10 cm3/min 
airflow rate, ambient temperature and 100mL reaction volume. 
 
 
Figure 3.26: Snap shot of chromatograms at 30, 120, 180 and 300 min of bubbling air into 
reaction  system in the presence of 5 g catalyst, at pH3, 25 mg/L DMP, 10 cm3/min airflow rate, 
ambient temperature and 100 mL reaction volume (“A“ are staked chromatograms). 
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The rate of loss of DMP in the continuous flow experiment was investigated by sampling 
and analysis at regular intervals throughout the duration of the experiment. The airflow 
was varied between 6 cm3/min and 10 cm3/min (t0 to t350 for 6 cm3 and t351 to t681 for 10 
cm3 respectively). In the first 24 h, the flow was transient as can be seen in Figure 3.27 
and steady state flow was attained subsequently. There was no significant difference 
between 6 cm3/min and 10 cm3/min airflow rates, but higher flow rates slightly reduced 
the rate of loss of DMP. This is presumably due to possible break-through of DMP 
molecules under increased agitation (Logsdon, 1987; Wagner and Pinheiro, 2001) but it 
is also possible that the catalyst was beginning to deactivate. Apart from possible 
breakthrough of substrates, there is also a possibility of partial concentration of the 
reaction system, through evaporation caused by high airflow rates leading to loss of 
water and increased residual substrates concentration (General Electric Power and 
Technology, 1997).  
 
Figure 3.27: Loss of DMP under varied process parameters: at pH3, ambient temperature, 12.5 
g catalyst (production roll 3) 200 mL reaction volume, Initial DMP conc of 25 mg/L, initial H2O2 
of 200, 400, and 500 mg/L, RT of 4 and 5 h. 
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 Cases of volatilization in tank reactors resulting from aeration in aerated stirred tank 
reactors have also been reported. Under these circumstances, the substrates were 
volatile and unstable (Libra, 1991; Truong and Blackburn, 1984; Roberts et al., 1984).  
3.6.2 Effect of Initial H2O2 Concentration on the Loss of DMP 
The effect of initial H2O2 concentration was investigated in the continuous flow 
experiment by varying the initial concentration of H2O2 used in the treatment system 
while keeping other parameters constant. This was varied between 400, 200 and 500 
ppm initial H2O2 concentration at the beginning, middle and final stages of the 
experiments respectively.  
In the first phase of H2O2 dose regime of 400 ppm, the retention time was 4 h (0.8 
mL/min) and an average H2O2 consumption of about 10%. In molar concentration terms, 
10% H2O2 consumption is equal to 1.176 mM H2O2 /L, used as shown below;  
400 ppm H2O2 = 
400
34
= 11.76 mM H2O2 /L. Therefore, 10% consumption = 1.176 mM H2O2 
/L. 
The low consumption of H2O2 in the system is likely due to mass transfer limitations in 
continuous flow processes and a possible scavenging reactions. Following the same 
calculations for the second phase of H2O2 dose regime of 200 ppm with an average 
consumption of 25%, means that 1.47 mM of H2O2 was used, which is similar to the 
amount of H2O2 consumed in the first phase, and both phases had the same retention 
times of 4 h. In the third phase, where  the concentration of H2O2 was maintained at 200 
ppm, and retention was increased to 5 h, there was 2.35 mM of H2O2 consumed. 
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Therefore, 25% increase in retention time resulted in 60% increase in the consumption 
of H2O2 (4 →5 h, resulted in 1.47 →2.35 mM H2O2 /L), which suggests that increasing the 
retention time, resulted in increased breakdown of H2O2, which should result in 
increased breakdown of DMP under the right pH conditions. 
However, in the fourth phase of H2O2 dose regime, an increase in the H2O2 concentration 
from 200 to 500 ppm whilst keeping the retention time at 5 h, showed an average H2O2 
consumption of only about 10 – 12%. This is about 1.47 mM H2O2 consumption, 
suggesting loss of catalytic activity, evidenced in the reduced conversion of DMP after 
550 h of continuous flow experiment (Figure 3.25a and 3.27). 
The results from Figures 3.25 and 3.27 suggest that 200 mg/L in continuous flow had the 
best outcome for the loss of DMP during the experiment, even though the experimental 
optimum H2O2 concentration in batch mode was 400 mg/L (Figure 3.16, section 3.5.4). 
3.6.3 Effect of Increasing Mass of Catalyst   
Optimised conditions such as H2O2 concentration and airflow rate at initial 
concentration of 200 mg/L and 6 cm3/min respectively were adopted for use for the 
second experiment, while the catalyst load was increased to 20 g, to examine the effect 
of increasing the mass of catalyst on the decomposition of DMP and H2O2. The results 
are presented in Figure 3.28a. 
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Figure 3.28a: Effect of increasing the amount of catalyst on the oxidation of DMP. Initial H2O2 
concentration of 200 mg/L, airflow rate of 6 cm3/min at pH3, with 20 g catalyst, and ambient 
temperature. 
 
The results of the optimised reaction (Figure 3.28a) showed a better decomposition at 
an average of about 90% DMP over 678 h, thus, suggesting that the excess H2O2 used in 
the previous experiments was not necessarily required. The loss of DMP is as shown in 
the superimposed chromatogram for initial reading (black), 17 h (blue) and 678 h (green) 
of the continuous flow reaction in Figure 3.28b below. Between 0 →80 h H2O2 
consumption was about 100 ppm, between 100 → 300 h there was about 75 ppm H2O2 
consumption while between 300 → 678 h, there was only about 50 ppm H2O2 
consumption. Therefore, H2O2 consumption reduced as the continuous flow experiment 
persisted with a reduction of 50% in its decomposition between the start and the end of 
the experiment. This suggests a possible reduction in catalytic activity in the reaction 
system; however, the activity in the system was still sufficient to decompose the DMP 
as shown in Figure 3.28a. This corroborates the views of Bartholomew and Argyle, 
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(2011), that optimization of reaction conditions can extend the life of a catalyst and 
increase its activity, owing to the decline of unwanted side reactions.  
 
Figure 3.28b: HPLC chromatograms of initial reading (black), 17 h (blue), and 678 h (green) of 
continuous flow reaction.  
 
3.6.4 Effect of Retention time on the Loss of DMP 
The influence of reaction retention time was evaluated by varying the flowrate in the 
preliminary study (Figure 3.25) for the reaction system between 0.82 mL/min and 0.6 
mL/min, corresponding to 4 and 5.55 h retention times respectively. There was no 
significant difference in the rate of loss of DMP with increase in retention time from 4 
to 5.55 h, however, this appeared to have reversed the apparent catalyst deactivation 
process as is shown between ≈ 610 and ≈ 680 h in Figure 3.25, where there are 
indications that the catalyst was starting to deactivate. Toet et al., (2005), and Merino-
Solís et al., (2015) reported an improvement in pollutant removal with increase in 
hydraulic retention times. Increased retention time provides more time for reactants 
DMP 
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interaction and provides time for more effective mass transfer and the opportunity for 
further oxidation of recalcitrant pollutants and other oxidative intermediates, which 
would have otherwise been responsible for catalyst deactivation through poisoning, 
clogging or blocking of reactive sites (Argyle and Bartholomew 2015; Spivey et al., 2001). 
3.6.5 Leached Iron from Catalyst 
During continuous flow heterogeneous catalytic reactions, the catalyst tends to lose its 
catalytic efficiency over time due to several factors, which could be mechanical or 
chemical (Argyle and Bartholomew, 2015; Nauman, 2002). There was no indication that 
the H2O2 dose or the airflow rate had a direct correlation with leached iron as shown in 
Figure 3.27, however, this could have been due to the more acidic pH3. The leached iron 
from the catalyst used for this study was estimated from Figure 3.29 using the trapezium 
rule computation in Microsoft Excel spreadsheet 2013, given as; 
A =
1
2
(𝑎 + 𝑏)ℎ                                                                                                                        … (3.10)            
Where A is area of individual trapezoids, a and b are concentrations at times t1 and t2 
respectively, and h is the volume at v1 and v2 in liters, based on the flowrate at the 
sampling time, calculated as h2-h1 in liters. 
Volume (liters) = (FR x 60 x 24 x No of days)/1000 
Where reaction flow rate FR in mL/min was taken as 0.82 mL/min from t = 0 to t = 313 
and 0.6 mL/min from t = 314 to t =  678 h.  
Total iron leached which corresponds to the area under the dynamic curve was 
calculated as 24.99 mg, using Microsoft Excel 2016 and is presented in Table 3.3. 
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Figure 3.29: Estimated leached iron from area under the dynamic curve, using calculated volume 
(litres/day) used as the x-axis for the excel calculations. Experimental conditions: pH3, ambient 
temperature, 12.5 g catalyst (production 3) 200 mL reaction volume, Initial DMP of 25 mg/L, 
initial H2O2 of  400 ppm, RT of 4 h. 
 
As shown on Table 3.3, the total percentage of iron leached from the catalyst was 
13.77%, thus indicating that only an insignificant amount of iron was leached out from 
the catalyst. In addition, there was no direct correlation between leached iron and the 
rate of or extent of loss of DMP as seen in Figure 3.25. In Figure 3.29, the curve for 
leached iron appeared to form a dumbbell shape going from an initial value of ~ 0.6 
mg/L, peaking at a maximum concentration of 1.1 mg/L and returning to about 0.6 mg/L 
leached iron concentration.  Although there was starting to be a tailing of the DMP 
degradation at 500 h of use. This tailing of activity may not have been a result of leached 
iron from the catalytic system, but presumably, due to unavailability of catalyst active 
sites, otherwise known as poisoning, which shall be discussed in more details in the next 
chapter. However, it is also possible that not all the iron on the mesh was active.  
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 The average leached iron per day was calculated as a weighted average because there 
was variation in flow rate of from 0.60 mL/min to 0.82 mL/min at 313 h (after 15.35 L 
flow) to 4 h retention time and 5.55 h retention times respectively. 
To calculate weighted average leached iron per day (WA), we have that: 
WA =
(measured conc X 𝑑2−𝑑1 )+(measured conc X 𝑑3−𝑑2 )+⋯ 
sum of days
                        …(3.11) 
Where d1, d2, and d3 are the days in ascending order. 
Table 3.3: Calculated amount of Leached Iron during continuous flow of Figure 3.29. 
Total 
catalyst 
amount on 
discs 
 
(g) 
Fe per 
gram of 
PAN Mesh 
 
(mM/g) 
Total Iron 
on catalyst 
in reactor 
 
 
(mg) 
Weighted 
Average of 
leached Fe 
 per day 
 
(mg/L) 
Total Fe 
leached 
from 
catalyst 
 
  (mg) 
Fe left on 
catalyst 
after 
experiment 
 
(mg) 
Fe loss 
 
 
 
 
(%) 
12.50 0.272 189.87 0.93 24.99 162.17 13.16 
 
3.6.6 Yield Degree and Mass of DMP Decomposed 
The mass of substrate decomposed during the duration of the continuous flow 
experiment and the yield degree of substance (α) were computed and it is given as; 
𝛼 = 𝑆/[(
𝐶𝑡
𝐶𝑜
) ∗ 𝑡]                                                                                                         … (3.12) 
 
Where S is the area above the dynamic curve (Figure 3.30), and is also equal to the mass 
of DMP decomposed. It is given by; the total area of graph minus the area below the 
curve, while Ct/Co is 1 and t is duration of the experiment (in hours) (equation 3.12).  
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The total area of the graph was calculated as area of the rectangle (xmax * ymax) Figure 
3.30, i.e 25 mg/L x 24.19 L which equals 604 mg and which is equal to the mass of DMP 
supplied into the system. The area under the curve, was calculated from Microsoft excel 
2013, applying the sum of the areas of trapezoids (equation 3.10) was 75.0 mg. By 
subtracting this value (75.0 mg) from the area of the graph, the area above the dynamic 
curve S, was obtained as 529.75 mg, which is equal to the mass total mass of DMP 
decomposed. This is so when the residual values of substrate (DMP) is plotted against 
volume as shown in Figure 3.30 below.  
 
Figure 3.30: Determination of area above the dynamic curve as mass of DMP decomposed. 
Reaction conditions: pH3, ambient temperature, 12.5 g catalyst (production 3) 200 mL reaction 
volume, Initial DMP conc of 25 mg/L, initial H2O2 conc of 200, 400, and 500 mg/L, RT of 4 and 
5.55 hours. 
 
We have that, the degree of yield α: 
𝛼 =
529.75  𝐻𝑜𝑢𝑟𝑠
1 ∗ 678 𝐻𝑜𝑢𝑟𝑠
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The degree of Yield = 0.8588 calculated from equation (3.12) and presented in Table 3.4 
below. 
Table 3.4: Parameters used for the determination of yield degree of DMP 
          S 
Area above 
the curve 
           C0 
Initial  
[DMP] 
(mg/L) 
      Ct/C0 
 
          t 
Duration of 
reaction 
 
(Hours) 
          α 
Yield degree 
of DMP 
Mass of 
DMP 
supplied 
in reactor 
(mg) 
  529.75         25    1     678 0.8588 604 
  
 
S which is the mass of DMP decomposed (mg) was calculated as 529.75 mg. This is as 
presented in Table 3.5. 
 
Table 3.5: Parameters used for the determination of mass of DMP decomposed 
α 
Yield degree 
of DMP 
         Q 
Avg. Flow rate 
 
(mL/hr) 
t 
time 
 
(hr) 
Co 
Initial [DMP] 
 
(mg/L) 
S 
Mass of DMP 
decomposed 
(mg) 
Mass of 
DMP 
supplied 
in reactor 
(mg) 
0.8588 42.6 678 25   529.75 604 
 
 
Overall, almost all the DMP was decomposed as shown in Figure 3.30. The mass of DMP 
decomposed by the catalyst during the continuous flow experiment of   529.75 mg 
shows variation from the mass of DMP decomposed in the presence of other competing 
anions and other organics under similar conditions as seen in the next chapter, which is 
likely due to the influence of competing side reactions of BTEX, aliphatic hydrocarbons, 
bicarbonates and sodium salts.   
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3.7 Summary 
Process parameters such as catalyst concentration, initial H2O2 concentration, pH of 
reaction solution, temperature and presence of radical scavengers have been evaluated 
and successfully defined for the decomposition of DMP under defined conditions and 
optimum conditions established for the heterogeneous oxidation process using the one 
factor at a time (OFAT) approach. Like most other Fenton and Fenton-like processes, the 
optimum reaction pH under the given experiment condition is 3.  In addition, the 
reaction appears to follow the •OH reaction mechanism. 
The application of the modified PAN heterogeneous catalyst for the oxidation of DMP in 
the presence of H2O2 in continuous flow mode has proved successful, with a good yield 
degree of DMP, of 0.8588. The total mass of DMP decomposed in 678 h was 529.75 mg 
with about 13.16% iron loss from the catalyst, which indicates the durability of the 
catalyst system. However, the inability of the reaction system to completely oxidize the 
acetic acid can lead to catalyst poisoning and possible deactivation, resulting from 
blockage of catalyst reactive sites, which has been discussed in more detail in chapter 5. 
The next chapter focuses on the degradation intermediates formed from the catalytic 
decomposition of DMP using the PAN heterogeneous catalyst.  
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4 Oxidation Scheme for the Degradation of 3, 5-
Dimethylphenol Using a Modified PAN 
Heterogeneous Catalyst 
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4.1 Introduction 
According to Boitsov et al., (2004), the focus of most studies on alkylphenol (AP) has 
been on the long chain APs, (C8, and C9) which are degradation products of Alkyl phenol 
ethoxylates (APE). The catalytic degradation of DMP to my knowledge has been studied 
by Belattar et al., (2012). However, no attempt was made to propose a degradation 
pathway, or identify the oxidation intermediates. 
Common analytical protocols used for the determination of these compounds and their 
oxidation products are high performance liquid chromatography (HPLC) and gas 
chromatography (GC). However, because most alkyl phenols are both very polar, 
thermally labile and occur in very low concentrations in the natural environment, a 
sample preparation step known as derivatization is commonly carried out before 
analysis by GC (Yang et al., 2007).   
This chapter therefore describes the procedures and methodology used, including 
sample preparation and analytical procedures to attempt the determination of a 
tentative oxidation scheme of the Fenton-like heterogeneous degradation of DMP.  
4.2 Aims and Objectives 
The aim of this chapter is to carry out experiments in batch mode leading to a possible 
determination and identification of reaction intermediates of DMP degradation and 
propose a tentative oxidation scheme for the catalytic degradation of DMP, using the 
PAN catalyst. 
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The Objectives are as follow:  
 To design a suitable sample preparation procedure and carry out solid phase 
extraction for analysis and hence, the determination of oxidation intermediates.  
 To use analytical techniques such as HPLC, GCMS, LCMS and IC to attempt the 
identification of reaction intermediates, and propose an a tentative oxidation 
scheme 
 To identify the fragmentation ions formed in GC- mass spectrum, and track their 
evolution. 
4.3 Materials and Methods 
4.3.1 Reagents, Chemicals and materials 
The chemicals, reagents and materials used are as shown in Table 4.1. 
Table 4.1: Materials used study 
Reagents/chemicals/materials Molecular 
formula 
Source Purity% 
Dichloromethane CH2Cl2 Sigma Aldrich 98 
Methanol CH3OH Sigma Aldrich 99 
3,5-Dimethyphenol C6H3(CH3)2OH Sigma Aldrich 99 
Double distilled water H2O DMU-Fistreem 
Cyclon: WSC044 
- 
Acetonitrile CH3CN Sigma Aldrich 99 
Acetone CH3COCH3 Sigma Aldrich 98 
Hydrochloric acid HCl Sigma Aldrich 35 
Acetic acid CH3COOH Sigma Aldrich 99.85 
Formic Acid HCOOH Sigma Aldrich 96 
 
The following materials were also used for the study; PAN heterogeneous catalyst 
(production 3), C18 Strata–X-CW, 500 mg, 6 ml solid phase extraction (SPE) cartridges 
purchased from Phenomenex UK,  6 ml and 50 ml syringes and a plastic connector 
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tubing. Other materials used for the study include; Radley carousel, flea, magnetic 
stirrer, analytical balance.  
4.3.1.1 Experimental Procedure for Catalysis of DMP and Determination of 
Oxidation intermediates 
The concentration of substrate was first made to 25 mg/L and catalysed in a 
heterogeneous batch process following the procedure in section 3.4.1, chapter three. 
From the optimization studies, it was observed that the onset of intermediate formation 
as seen on the HPLC chromatograms in Figure 4.10 was 10 minutes with the most 
intermediates  formation at 30 minutes (Figure 4.10). Accordingly, the whole reaction 
volume was extracted at 30 minutes by solid phase extraction process (SPE). The SPE 
procedure has been described in 4.3.3.1.1. This resulted in the oxidation products being 
transferred from the aqueous phase to an organic phase of 1:1 DCM: methanol (v/v). 
The organic eluent from the SPE process was then pre-concentrated using a rotavapour 
model R210 at 800 psi at 50 oC for 10 min to near dryness. This was then reconstituted 
in 1.5 mL of dichloromethane DCM and methanol (1:1 v/v) and analysed on the GCMS 
as required.  
For the LCMS analysis, the reaction solution was sampled directly from the reactor at 
predetermined time interval 30 min and analysed on the LCMS. Identification of 
intermediates was by analysis of mass spectrum of the various peaks and comparison 
with literature. Ion chromatography was used to test for the presence of low molecular 
weight organic acids, which are thought to be the products of the breakdown of organic 
compounds before the final mineralized products of CO2 and H2O (Chi and Huddersman 
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2007). This was done by matching unknown compounds with the retention time of 
analytical standards of pure compounds. The concentration of these acids was 
determined from calibration plots (Figure 4.0). Control experiments were performed by 
reacting H2O2 and the catalyst, in the absence of the substrate to investigate any 
possibility of organic acid release from the catalytic mesh. 
4.3.2 Instrumentation 
Analytical equipment used for this study included the following; Perkin Elmer HPLC 
series 200 fitted with a UV detection system, PerkinElmer Flame Atomic Absorption 
Spectrometer AAnalyst 200 model, Bruker 430 gas chromatograph coupled to a Bruker 
320 mass spectrometry detecting system. Others are Metrohm Modular MIC-2 
advanced ion chromatography system, coupled to a conductivity detector and Agilent 
Technology 1260 Infinity Liquid Chromatograph coupled to a 6120 quadrupole mass 
spectrometer detector. 
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4.3.3 Methodology for the determination of oxidative intermediates  
To monitor oxidative intermediates in the heterogeneous catalysis of DMP in the 
presence of H2O2, the reaction was first monitored in the HPLC as described previously, 
followed by GCMS and LCMS analysis for a possible, positive identification of oxidation 
intermediates using their characteristic ion or fragmentation patterns (Sheldon et al., 
2009; Milman, 2005; Stein, 1994; Sanders, 1999). Ion chromatography was also 
employed for sample analysis-post treatment to test for the presence of organic acids 
in the reaction system, which were identified by matching their retention times with 
those of the analytical standards of pure compounds. The details of the analytical 
protocols including sample preparations have been described in more details in the next 
section. 
4.3.3.1 Sample Preparation Procedure 
4.3.3.1.1 Solid phase extraction (SPE) procedure for GCMS  
Strata-X 33u polymeric reverse phase 500 mg/6 mL SPE cartridges were conditioned by 
passing 3 mL of methanol through the 500 mg packing bed as described in Yang et al., 
(2007). This was done to remove residual bonding agents. Following this, the SPE 
cartridges were then equilibrated by passing 6 mL of double distilled water at a flow rate 
of 2 mL/min. Care was taken to make sure that the packing material in the cartridge was 
not exposed to air. Subsequently, the cartridge was exposed to the reaction solution, by 
flowing the solution through the cartridge under suction using a 50 mL syringe. The 
analytes sorbed on the C18 extraction cartridge were eluted using 20 mL 
dichloromethane/methanol solution 1:1 v/v. This procedure was repeated but this time 
the elution was done with a weak solution of formic acid in methanol (Boitsov et al., 
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2004) for comparison. A mixed solvent- methanol/dichloromethane was chosen to 
ensure the elution of both polar and less polar analytes. Yang et al., (2007) had used a 
combination of dichloromethane/hexane or acetone and had similar recoveries while 
Boitsov et al., (2004), used a solution of formic acid in methanol with success. The eluent 
was concentrated by evaporating to near dryness using a Rotavapour model R210 at 800 
psi for 10 min and temperature of 50 oC. This was reconstituted in 1.5 mL 
dichloromethane/methanol and analysed in the GCMS. 
4.3.3.2 Gas chromatographic Analysis (GCMS) 
A Bruker-430 gas chromatograph coupled to a Bruker-320 mass spectrometry detector 
(GCMS) system was used for the qualitative analysis. The stationary phase was a Zebron 
ZB-5MSi (5%-diphenyl-95%-dimethyl polysiloxane copolymer) with dimensions 30 m x 
0.25 mm x 0.25 µm (packing), purchased from Phenomenex UK and the carrier gas 
(helium) was flowed at the rate of 1 mL/min. Injection temperature was 270 oC, volume 
was 1 µl injected in spilt mode at 5:1. The oven temperature program started at 100 oC 
for 3 min to 270 oC ramped at 5 OC/min giving a total run time of 42 min. The ionization 
source was the electron impact ionization (EI) at 70 eV, transfer line temperature of 270 
oC and the mass range from 50 to 300 amu.   
4.3.3.3 Liquid Chromatography Mass Spectroscopy (LCMS) 
The following instrument parameters were set for liquid chromatograph: Injection 
volume 10 µL, at a draw speed of 200 µL/min, in standard injection mode. All solvents 
used were MS grade. The mobile phase was acetonitrile and water 45:55 v/v, in 0.1% 
formic acid at a flow rate of 1 mL/min using a C18 reverse phase column, of 4.6 mm ID, 
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5 µm packing, and 250 mm length.  For scan mode, the mass spectrometer was set to a 
scan range of 50 to 500 amu and a fragmentation voltage of 70 ev using the atmospheric 
pressure ionization electrospray (API-ES) on positive polarity. On the selected ion 
monitoring (SIM) mode, the following ions were monitored: 122, 138, 136, 150, and 166 
(such as were seen in GCMS). The gas temperature was 350 oC, drying gas flow rate was 
10.0 L/min. There was no rigorous sample preparation, except for filtration using 0.45 
µm filter cartridge attached to a 5 mL syringe, to prevent the catalyst fibrils from 
blocking the ionization source and needle. All solvents used where MS grade. The 
catalytic reaction was sampled at predetermined intervals of 10 min starting from zero 
minutes up to 60 min. Total method run time was 10 min and DMP retention time was 
8 min under the stated conditions.  
4.3.3.4 Ion Chromatographic Analysis 
The ion chromatography was based on the method previously described by Chi and 
Huddersman (2007). Metrohm Modular MIC-2 advanced system, coupled to a 
conductivity detector, with a stationary phase comprising a metrosep 6.1005.200 
organic acid analytical column, of length 250 mm and diameter 7.8 mm, particle size of 
10 µm, made of polystyrene/divinylbenzene copolymer packing material was used for 
the analysis of liquid samples to determine the presence of organic acids. The isocratic 
mobile phase was perchloric acid (HClO4), heptafluorobutyric acid (HFBA) and sulphuric 
acid. The mobile phase flow rate of 0.5 mL/min was used, while the detector was 
operated in positive mode, at a scale of 1.0 µs. The samples were filtered through a 0.45 
µm Whatman filter paper to remove catalyst fibrils in order to forestall any blockage of 
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the sample aspirator.  Identification of peaks was achieved by comparison with retention 
times of known organic acids standards. 
Calibration graphs of acetic acid and formic acids were plotted over a range of 0.5 to 10 
mg/L each using pure acetic and formic acids. 500 mg/L standard stock of acetic acid 
(specific density of 1.052 g/mL) was prepared by carefully pipetting 95 µL of acetic acid 
into 200 mL volumetric flask and making it up to mark with double distilled water. 
Working standards of 0.5 to 10 mg/L were prepared from the 500 mg/L standard stock 
by dilution. For 10 mg/L for instance, 2 mL of the standard stock solution of acetic acid 
was pipetted into 100 mL volumetric flask and made up to mark with double distilled 
water. This process was repeated for other working standards of acetic acid of various 
concentrations. For formic acid (specific density of 1.220 g/mL), 500 mg/L standard  
stock was prepared by carefully pipetting 82 µL of formic acid into 200 mL volumetric 
flask and making it up to the mark with double distilled water.  The calibration graph has 
been presented in Figure 4.0 below. 
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Figure 4.0: Calibration graph for acetic and formic acids 
 
 
4.4 Oxidation Intermediates In the Degradation of 3,5-DMP in 
Heterogeneous Catalysis 
The oxidation of oxidizable or refractory organic compounds to their final products is 
known to proceed through various oxidative intermediaries before reaching 
mineralization, which is CO2 and H2O (Chi and Huddersman 2007). Oxidation will also 
lead to easily biodegradable simpler molecules, or other substituted compounds called 
reaction intermediates (Catrinescu et al., 2011). The process of oxidation of most 
organic compounds can often lead to the formation of intermediates or end-products 
with more toxic properties than even the starting compounds (Chi and Huddersman 
2007). The need to identify these intermediates, with a view to proposing the 
degradation pathway for DMP cannot be over emphasised.  
The decomposition or transformation reactions that come about as a result of catalytic 
chemical activities will vary given different starting materials. The decomposition of 
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DMP has been reported by Belattar et al., (2012), where goethite (Fe3+ hydroxide) was 
used as catalyst, leading to the removal of about 60% DMP of 1.5 g/L initial 
concentration, without an oxidant after 100 h of irradiation with low pressure mercury 
UV lamp - Philips 125 W  at a wavelength of 365 nm. About 85% removal was however 
achieved after 5 h, using 1 g/L H2O2 as an oxidant at pH9, and 70% removal at pH3 under 
the same conditions. The oxidation scheme was not disclosed and to my knowledge, 
there has been no report of the oxidation scheme of DMP. 
4.5 Results, Discussions and Tentative Oxidation Schemes from Qualitative 
Analysis. 
The use of chromatographic techniques in the determination and possible identification 
of unknown components of samples or reactions is well known owing to their 
robustness, reproducibility, sensitivity and selectivity (Chi and Huddersman 2007; 
Milman, 2011).  The use of more than one instrument with different detector 
capabilities for the purpose of identifying unknown components of the reaction is so as 
to complement each other and make up for the individual limitations of the respective 
instruments.  
The results from HPLC-UV, GCMS, LCMS and Ion Chromatography have all been 
presented to corroborate the findings and propose a tentative scheme for the catalytic 
decomposition of DMP in the presence of H2O2 in a heterogeneous system. 
4.5.1.1 HPLC-UV Analysis Results and Discussions 
The loss of DMP in the heterogeneous catalytic system was routinely monitored on the 
HPLC with UV detector, throughout the duration of the experiments, at predetermined 
intervals as earlier mentioned. The loss of the starting compound (DMP) was monitored, 
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as well as the intermediates over time. The chromatograms are as shown in Figure 4.1 
while the separated compounds are shown in Figure 4.2.  
 
 
Figure 4.1: Chromatograms at different reaction times. A= 120 min, B=60 mins C= 30 mins D 
0mins. Batch reaction at pH3, 400 mg/L H2O2, 5 g catalyst, 25 mg/L DMP, temperature of 25±1 
oC, and 100 mL reaction volume. 
 
A snapshot of results from the HPLC analysis, at different reaction times has been 
presented as A to D on Figure 4.1.  A, shows the chromatogram after 120 minutes of 
reaction time, C and B is a snapshot of the chromatograms showing intermediates at 30 
minutes and 60 minutes respectively, while D shows the initial reaction at zero minutes. 
The peaks and their respective retention times are presented in Table 4.2 below. 
 
A B C D 
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Figure 4.2: Chromatogram from HPLC-UV detector at 30 min reaction time showing 
intermediates in batch reaction at pH3, 400 ppm H2O2, 5 g catalyst, 25 mg/L DMP, temperature 
of 25±1 oC, and 100 mL reaction volume. 
 
Table 4.2: Retention times of the reaction intermediates obtained from HPLC analysis of the 
catalytic oxidation of DMP shown on chromatogram in Figure 4.2. 
Intermediate Peak Number Retention time (min) 
1 2.95 
2 4.49 
3 3.45 
4 3.98 
5 5.20 
DMP 5.50 
 
As shown on Figure 4.2, the reaction proceeded with the formation of intermediates 
and terminated with the disappearance of the intermediates. The starting compound 
(DMP), H2O2, HCl (used for pH adjustment) and the intermediates, have been labelled as 
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shown on Figure 4.2, while the appearance and disappearance of oxidation 
intermediates have also been plotted out as shown on Figure 4.3. 
 
 
Figure 4.3: A plot of oxidation intermediate peak areas as monitored on HPLC-UV in batch mode 
catalysed at pH3, 400 ppm H2O2, 5 g catalyst, 25 mg/L DMP, temperature of 25±1 oC 100 mL 
reaction volume. 
 
The different products on Figure 4.10, shows that reaction intermediates did not 
accumulate in the system, but had different reaction rates owing to differing 
susceptibility to oxidation. In addition to this, there appeared to be selective reactivity 
of these compounds to the oxidizing species in the reaction. Product D was least 
susceptible to the oxidising species and hence there was build up until after 40 min.   
Although it is possible to identify reaction intermediates by matching the retention 
times using the HPLC data, however, the technique is very subjective owing to co-elution 
of some compounds due to poor separation ability of analytical technique. Attempts 
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were however made to match retention times of suspected intermediates, but this was 
not successful. In addition, not many suspected oxidation intermediates were 
commercially available. Other more selective separation/identification techniques were 
used to further investigate the oxidation intermediate of DMP. 
4.5.1.2 GCMS Analysis Results and Discussions 
Gas chromatography analysis was further undertaken using a mass spectrometer 
detector to increase sensitivity and selectivity/specificity. When a given molecule in a 
sample is impacted upon by a beam of electron, it results in the formation of a ‘family’ 
of ion fragments, wherein the mass distribution of the fragments are unique to the 
original parent molecule. This is the principle of mass spectrometry detection system 
and the basis for its application for the positive identification of unknown compounds 
(Skoog et al., 1992; Chi and Huddersman 2007; Moldoveanu and Kiser 2007; Sheldon et 
al., 2009; Milman 2011).  
The results presentation and discussion for GCMS data is based on the individual peaks 
on the GCMS total ion chromatogram, which has been presented in Table 4.3. Each 
individual peak (Figure 4.4) with the corresponding mass spectrum (showing fragments) 
has been highlighted and attempts have been made to account for most of the 
prominent mass fragments of the compounds on the chromatogram. The evolution of 
tentative reaction intermediate from either the parent compound (DMP) or from other 
intermediates has also been done.  
Figure 4.4 shows a GCMS total ion chromatogram (TIC) in the scan mode which was 
obtained from the heterogeneous catalytic decomposition of DMP, sampled at 30 min.  
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Figure 4.4: TIC of 30 min sample of DMP catalysis at pH3, 400 ppm H2O2, 5 g catalyst, 25 mg/L 
DMP, temperature of 25±1 oC and 100 mL reaction volume. 
 
After 30 minutes reaction, the sample was prepared for GC-MS analysis according to the 
protocol described previously. The results showed about ten intermediate compounds 
on the GCMS. The mass spectrum data of six of the most prominent peaks were 
analysed. The results for peak 1 are as shown on Figures 4.5 and 4.6.  
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Figure 4.5: TIC and the mass spectrum of peak 1 on the chromatogram for the oxidation of DMP 
at 30 min reaction. 
 
Other peaks were also analyzed and their characteristic ion (m/z) or fragmentation 
patterns for most obvious peaks whose fragments had a relative abundance of 25% and 
over, are presented in Table 4.3. Peaks with few fragments such as M= 122 (the peak 
associated with the starting compound) however had all fragments above 10% relative 
abundance analyzed and reported. 
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Table 4.3: Fragmentation patterns in the GCMS analysis of possible intermediate compounds, 
including the parent ion showing retention times and molecular ions 
Peak No Retention time (min) M+ Characteristic ions (m/z) Figure No 
1 13.64 122 122, 121, 107, 91,79, 77, 60 Figure 4.5 
2 18.7 138 138, 137, 136, 123, 107, 91, 77, 
60 
Figure 4.8 
3 19.8 138 138, 136, 123, 107, 77, 51 Figure 4.9 
4 20.8 138 138, 123, 120, 109, 107, 92, 91, 
79, 77,  65 53 
Figure 4.11 
5 21.9 166 166, 138, 123, 122, 121, 109, 
107, 95, 92, 91, 78, 77, 65, 60, 
53, 50 
Figure 4.13 
6 24.5 149.9 149.9, 121 122, 107, 91, 71, 60,  
57 
Figure 4.16 
 
Peak 1 
The fragmentation of the parent compound (DMP), is as shown in Table 4.3 as peak 1, 
while its chromatogram with mass spectrum is presented in Figure 4.5. The base peak 
M = 122 corresponds to the molecular ion (M+). A possible loss of hydrogen H atom could 
have resulted in 121 ion fragment. There is also a possible loss of a methyl CH3 group, 
from the molecular ion, resulting in 107 m/z ion fragment, which shows a high 
abundance of 70% and is presumably a hydroxytropylium (Silverstein et al., 2005). There 
is a 91 m/z fragment, which is likely to be a tropylium ion, that could have resulted from 
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a loss of a methoxy radical from the molecular ion – 122 m/z (Figure 4.6 below). Most 
91 m/z ions in aromatic hydrocarbons fragmentations are thought to be a tropylium ion 
rather than a benzylic cation (Silverstein et al., 2005; Budzikiewicz et al., 1964; Grubb 
and Meryerson, 1963). This is said to be responsible for the ease of the loss of a methyl 
group from xylenes, except for toluene (Silverstein et al., 2005). 
Looking at the fragmentation of toluene, which has a similar structure to DMP (except 
for the OH group in DMP), the elimination of hydrogen from toluene molecular ion also 
results in 91 m/z fragment and this has always been thought of, as a benzyl cation (C7H7). 
However, studies from deuterium labeling experiments suggest that, the tropylium 
structure is a plausible fragment for the ion (Johnstone, 1972). They argued that if the 
toluene molecular ion first rearranged to a hydrotropylium ion, a loss of hydrogen could 
likely result in a tropylium ion at m/z 91.  
Silverstein and his co-workers also suggested that the presence of a characteristic 
cluster of some ions which include 77 (C6H5+), 78 (C6H6+) and 79 m/z (C6H7+) is a common 
feature of aromatic hydrocarbons fragmentations and is due to an α cleavage (one of 
the fragmentation pathways for radical molecular ions) and hydrogen migration which 
is a common feature of monoalkylbenzenes. This explains the presence of a phenyl 
cation at m/z 77 and 79 in the fragmentation of M+ = 122 molecular ion peak. The 
evolution of 60 m/z is not very clear. 
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Figure 4.6: Observed fragmentation pathway for 3,5-DMP (peak 1) and proposed evolution of 
the fragments shown in Table 4.6. 
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Peak 2 
Peak number 2 on Table 4.3 had a molecular ion of 138. This molecule is likely to be a 
product of the sequential hydroxylation of the parent compound after a possible 
hydrogen atom abstraction, resulting to three possible isomers: 3,5-dimethyl 
hydroquinone, 3,5-dimethyl catechol and 3-hydroxymethyl-5-methylphenol as shown in 
Figure 4.24. These propositions are in agreement with Zazo et al., (2005) and Palacio et 
al., (2009).  Zazo et al., reported about 90% conversion of phenol after 30 min, following 
the hydroxylation of the aromatic ring, resulting in dihydroxybenzenes.  
The fragmentation pathway for peak 2, M = 138 was mainly by elimination in most part 
and rearrangement (for the formation of tropylium ion from benzyl cation). A loss of a 
hydrogen atom could result in the 137 m/z ion. While a loss of a methyl group (-15) from 
peak 2, M = 138 could result in m/z 123 ion. The 107 m/z ion could have resulted from 
the loss of an oxygen radical (-16), same for the 91 m/z ion (Kim et al., 2003). Further 
elimination of another methylene group (-14) could have resulted in 77 m/z fragment, 
which corresponds to a phenyl cation C6H5+ which further fragmented to give 60 m/z 
mass fragment. The chromatogram and mass spectrum are as shown in Figure 4.8. 
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Figure 4.7: Proposed pathway for the formation of M =138 (peak 2) tentative molecule from 
3,5-DMP and evolution of the fragments of this molecule previously shown in Table 4.3. 
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Figure 4.8: TIC and the mass spectrum of peak 2 on the chromatogram for the oxidation of DMP 
at 30 min reaction. 
 
Peak 3 
The fragmentation of the molecule at peak number 3 in Table 4.3 is shown in the mass 
spectrum and chromatogram in Figure 4.9 below.  The molecular ion fragment at M = 
138 is likely to be an isomer of peak 2 shown previously, suggesting more than one 
isomeric possibilities of this proposed intermediate for 3,5-DMP. The substitution of the 
OH group in the ortho, and para positions (previously shown in Figure 4.7) resulting in a 
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possible 3,5- dimethyl catechol, and 3,5-dimethyl hydroquinone is in agreement with 
Palacio et al., (2009) and  Zazo et al., (2005) where they suggested a predominance of 
ortho and para hydroxylation while working with phenolic intermediates.  This is 
because, alkylphenol molecular ions such as this, preferably dissociate by benzylic 
cleavage, which is the case for methylphenols where according to Gross (2004), [M-H]+ 
are observed. 
The fragmentation of peak 3 of MW 138 g/mol features an ion, which shows a relative 
abundance of 50% at 136 m/z (Figure 4.9). This fragment could have resulted from a 
sequential loss of two hydrogen ions to give a fragment at 137 m/z and then 136 m/z, 
likely to be a benzoquinone ion (C8H8O2+). A further loss of a CH3• (-15), from the 
molecular ion (M = 138) could result in the 123 m/z ion fragment, while the 107 m/z 
which is likely to be a hydroxy tropylium ion fragment, could result from  123 m/z by the 
loss of oxygen ion (-16). The 91 m/z (tropylium ion) could result from 107 m/z by the 
loss of oxygen radical (-16) while 77 m/z, a possible phenyl cation fragment (C6H5+), is a 
possible product of a loss of CH2• (-14). Both 51 and 53 m/z fragments could result from 
the loss of C2H2 (-26) from 77 and 79 m/z respectively. This pattern has previously been 
identified with peak 1 fragmentation in Figure 4.7, it is a common fragmentation feature 
in benzylic alcohols (Silverstein et al., 2005). 
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Figure 4.9: TIC and the mass spectrum of peak 3 in the chromatogram for the oxidation of DMP 
at 30 min reaction time. 
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Figure 4.10:  Proposed pathway for the formation of M= 138 mass (peak 3) tentative molecule 
from DMP and evolution of the fragments of this molecule previously shown in Table 4.3. 
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Peak number 4 is as shown in Table 4.3 while its chromatogram and mass spec is shown 
in Figure 4.11.   
 
 
Figure 4.11: TIC and the mass spectrum of peak 4 in the chromatogram for the oxidation of DMP 
at 30 min reaction time 
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Peak 4 
As earlier mentioned, it is a possible isomer of peaks 2 and 3. The fragmentation scheme 
shown in Figure 4.12 below evolved as follows: there was a loss of  methyl ion (-15) to 
give 123m/z, and a possible loss of hydrogen ion to give the 137m/z ion. 109m/z could 
result from the loss of CO (-28) in Figure 4.12, while 91m/z fragment, suspected to be a 
tropylium ion could result from 109m/z through the loss of H2O (-18). This is also the 
case for 120m/z, which is likely to have resulted from M 138 through the loss of H2O (-
18).  107m/z could result through the loss of H2 (-2) from 109m/z. This is also the case 
for 77, and 51m/z which resulted from 79 and 53m/z respectively, by the loss of H2 (-2). 
78m/z fragment could result from 79m/z fragment by the loss of H•, while 53m/z 
fragment could result from 78m/z through the loss of C2H2 (-26).  
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Figure 4.12: Proposed pathway for the formation of M= 138  (peak 4) tentative molecule from 
3,5-DMP and evolution of the fragments of this molecule previously shown in Table 4.3. 
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Peak 5 
The mass fragments identified from the mass spectrum of peak number 5 (Table 4.3) 
have been presented in the chromatogram and mass spectrum in Figure 4.13 below. The 
molecular ion of this peak, which had a mass of 166 g/mol, has three isotopic possibilities 
(Figure 4.24) and there could be more. This could have dissociated through a loss of COO 
(-44) to form 121 m/z ion fragment, which further dissociates through the loss of H• to 
form the 121 m/z fragment. The M+ could also dissociate through the loss of CO (-28) to 
form a 138 m/z fragment. This could further dissociate sequentially through a three 
stage loss of H•, COH and OH•  to form 137 m/z, 109 m/z and 121 m/z respectively. The 
65 m/z fragment could result from the loss of CO2 from 109, while 92 m/z could result 
from the loss of CO from 120 m/z fragment. These are shown in Figure 4.14 below.  
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Figure 4.13: TIC and the mass spectrum of peak 5 in the chromatogram for the oxidation of DMP 
at 30 min reaction time. 
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Figure 4.14: proposed pathway for the formation of 166 M+ (peak 5) tentative molecule from 
3,5-DMP and evolution of the fragments of this molecule previously shown in Table 4.3. 
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Peak 6 
The fragmentation pattern of the molecule which also has four isotopic possibilities 
(Figure 4.24) expressed as peak number 6 fragmented as follows; a loss of CO (-28) is 
likely to have resulted in the 122 m/z fragment, while a loss of H• could result in 121 m/z 
fragment.  A further sequential loss of a methylene ion  (-14) and C4H2 from 121 m/z 
mass fragment could result in 107 m/z and 71 m/z respectively. 149 m/z mass fragment 
(which is also prominent in the LCMS mass spectra in Figures 4.18 and 4.19) could result 
from the loss of H• from the M+ (150). 91 m/z mass fragment could result from 121 m/z 
through the loss of HCHO, while 57 m/z could result from 71 m/z through the loss of 
CH2•. 53 m/z could result from 71 mass fragment by the loss of H2O, while 56 m/z mass 
fragment could result from the 57 m/z through the loss of H•.   
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Figure 4.15: proposed pathway for the formation of 150 mass (peak 6) tentative molecule from 
3,5-DMP and evolution of the fragments of this molecule previously shown in Table 4.3 
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Figure 4.16: TIC and the mass spectrum of peak 6 in the chromatogram for the oxidation of DMP 
at 30 min reaction time. 
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4.5.1.3 LCMS Analysis Results  
Based on the molecular ions identified from the total ion chromatograms from GCMS 
analysis, further attempts were made using LCMS to further verify the presence of these 
molecular ions/ compounds, owing to the complexity of the sample preparation step 
involved in the GCMS analysis. The results have been presented in Figure 4.17. The TIC 
shows two peaks in full scan mode at 4.5 min and 6.7 min retention times for a 
degradation intermediate and DMP respectively. Only one reaction intermediate peak 
was found in full scan mode for the LCMS analysis, suggesting ion suppression by 
competing analytes in the reaction matrix. Although the ionization method used in this 
study - atmospheric pressure electro spray ionization technique (API-ES), is suitable for 
medium polar to very polar compounds and medium to high molecular weight 
compounds, the analytes must however be ionic for this to work (Herderich et al., 1996; 
Shimadzu, 2016). This technique is mild, producing little or no fragmentation (Brewer 
and Henion, 1998).  
This explains in part why the peaks recorded on the LCMS full scan chromatogram using 
APES ionization, are clearly fewer than those recorded on the GCMS Electron Impact 
ionization.  
 The mass spectrum of the intermediate peak is presented (Figure 4.18), while the 
significant characteristic ions are presented in Table 4.4. 
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Figure 4.17: Full scan chromatogram for reaction sample of the heterogeneous catalysis of 3,5-
DMP at 30 min reaction time (Positive scan). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Intermediate 
3,5-DMP 
Oxidation Intermediates Studies of DMP                                           E U Ushie 
163 
 
 
 
Figure 4.18: Mass spectrum 30 min reaction full scan at RT 4.555 (137.0 m/z) represents intermediate of DMP oxidation. Expected mass (137.2m/z). 
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The probable molecules that resulted from the mass fragmentation of the detected 
intermediate include; 123 m/z which is a positive ion fragment of DMP. In addition to 
this, there are 166 m/z and 149.9 m/z ion fragments, which are consistent with 
molecules tentatively identified in the GCMS mass spectrometry data presented in 
Figures 4.13 and 4.16 respectively, which gives credence to the presence of these 
compounds as reaction intermediates. 
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Figure 4.19: Mass spectrum 30 min reaction full scan mode at RT 6.77 (123 m/z) DMP Expected m/z of DMP 123.0 m/z
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Table 4.4: Fragmentation patterns of GCMS analysis of possible intermediate compounds, 
including the parent ion showing retention times and molecular ions 
Retention time 
(min) 
Peak no M(+) Significant characteristic ions, m/z 
4.5 (intermediate) 1 137 137 ,123, 116, 108 
6.7 (DMP) 2 123 123, 120, 118.9, 116.9, 109.9, 
107.9, 104.9, 102. 
 
The ions detected on the mass spectrum data of DMP analyzed from the full scan TIC, 
also shows similar ions which have been previously determined in the fragmentation of 
molecules determined in the GCMS data analysis. The mass spectrum has been overlaid 
on the TIC of DMP in single ion monitoring mode (SIM) shows the M+1 (123) in positive 
mode for DMP (Figure 4.20). 
 
 
Figure 4.20: Mass spectrum overlaid on the TIC of DMP (123 m/z) in single ion monitoring 
mode (SIM). 
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4.5.1.4 Ion Chromatography Analysis Results and Discussions 
Experimental analysis of the reaction for the presence of organic acid was done using 
the ion chromatogram (IC). Initial studies, involved carrying out control experiments in 
the absence of DMP and from the results, no organic acids were detected. The results 
of the experiments are as presented in Figure 4.24.  Chi and Huddersman (2007) had 
reported an analytical technique for the rapid determination of low molecular weight 
organic acids using the Metrohm Modular MIC-2 advanced system, similar to the one 
used for this study and came up with retention times for 11 organic acids (Figure 4.21). 
This method has been repeated for this study, with a similar outcome.  
 
Figure 4.21: Chromatogram of a mixture of organic acids under mobile phase conditions; 0.38 
mM H2SO4, flow rate of 0.5 mL/min, pressure 2.1 MPa, column temperature 30 ◦C (Reproduced 
from Chi and Huddersman, 2007). 
 
Acetic acid and formic acid were suspected intermediates based on matching peak area 
retention times with those of Chi and Huddersman (2007). Confirmatory analysis was 
performed by injecting 10 ppm concentration of standards of the pure compounds 
(Figure 4.22).  
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Figure 4.22: Chromatogram of 10 ppm mixed standards of formic acid (retention time 12.70 
peak 3) and acetic acid (retention time 14.97 peak 4). 
 
These corresponded to the retention times reported by Chi and Huddersman, (2007) 
and also matched the retention times of the reaction intermediates detected using 
similar equipment as presented in Figure 4.23. 
 
Figure 4.23: Chromatogram of sample of the analysis of the heterogeneous catalysis of 25 mg/L 
3,5-DMP in 400 ppm H2O2 at pH3, 25 oC 100 mL reaction volume and 5g catalyst at 120 min. 
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It was found that the peak area of Formic acid deminished over time when monitored 
from 90 min (where it peaked) to 120 min, whereas the peak area of acetic acid 
remained stable over this period, suggesting the recalcitrance of the latter to oxidation 
in a fenton-like system. This observation is in agreement with Zazo et al., (2005). They 
reported similar observations on the nature of acetic acids during phenol oxidation in a 
fenton system.  
The proposed scheme for the catalytic degradation of 3,5-DMP in the presence of H2O2 
using modified PAN catalyst is presented in Figure 4.24. 
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*B1 to B3, C1 to C4 and D1 to D3 are possible isomers (there could be more) 
Figure 4.24: Proposed scheme for the catalytic degradation of DMP in the presence of H2O2 
using modified PAN catalyst. 
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In Figure 4.31, molecule ‘A’ is DMP, which is the starting compound. The intermediate 
compounds that possibly resulted from the degradation of the DMP including their 
possible isomers include the following;  ‘B1’ to ‘B3’ which are 3,5-dimethyl catechol 
(peak 2), 3,5-dimethyl hydroquinone (peak1), and 3-hydroxymethyl-5-methylphenol 
respectively (Figure 4.31). Peak 5 is likely to be one of the following four isomers 
codenamed ‘C1’ to ‘C4’; 3-carbaldehyde-5-methyl-1,2-benzoquinone, 3-methyl-5-
carbaldehyde-1,2-benzoquinone, 3-methyl-4-carbaldehyde p-benzoquinone or 3,5-
dicarbaldehyde hydroxybenze respectively (Figure 4.31).  
The sixth peak which has been codenamed ‘D1’ to ‘D3’ could be one of the following 
isomers; 3-methyl-4,5-benzoquinone carboxylic acid,  p-benzoquinone-3-methyl-4-
carboxylic acid and 3-carbaldehyde (hydroxybenzene) carboxylic acid respectively 
(Figure 4.31). This follows to the formation of organic acids and finally the formation of 
CO2 and H2O. This final step (CO2 and H2O) were not determined in this study. The 
possible isomers tentatively identified could be more. 
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4.6 Summary 
Determination and identification of possible reaction intermediates has led to the 
identification of two organic acids (acetic and formic) and five compounds, including 
benzoquinones, hydroquinones and benzaldehydes, with some being isomers and which 
will require further investigation to distinguish. 
The next chapter looks at the application of the optimised process in the treatment of 
simulated produced water, which in real life situations, usually contains DMP within the 
range of concentration used in chapter three. 
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5  Degradation of Simulated Produced Water Using a 
Novel Pan-Heterogeneous Catalyst in a Fenton-Like 
Reaction.  
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5.0 Introduction 
An understanding of the chemistry of crude oil is essential in understanding the make-
up of produced water. According to Yang, (2011) petroleum compounds are grouped 
into two groups namely Hydrocarbons (compounds containing essentially hydrogen and 
carbon) and heteroatom which in addition to containing hydrogen and carbon 
compounds, also contain nitrogen, oxygen and sulphur. Common petroleum products 
are derived from crude oil through a process called fractional distillation. This process 
separates the components of crude oil into hydrocarbon fractions that have a common 
number of carbon atoms and a corresponding boiling range (TUVNEL, 2016). This is 
shown in table 5.1.  
Table 5.1: Common petroleum fractions and their boiling points (TUVNEL 2016) 
Fraction  Carbon range  Boiling range (°C) 
Petrol C4-C12 25 – 200 
Kerosene C10-C15 150 – 300 
Diesel C12-C20 270 – 350 
Lube Oil C20-C40 350 - 500 
Asphalt C40+ > 500 
 
 The elemental composition of petroleum shows 83 -87% carbon, 11-16% hydrogen, 0-
4% oxygen and 0-4% sulphur. Yang (2011) listed three groups of hydrocarbons; 
 Saturated hydrocarbons, characterised by C-C single bonds, which are further 
subdivided into aliphatic and alicyclic hydrocarbons. Aliphatics are branched or 
straight-chained hydrocarbons with general molecular formula of CnH2n+2, 
Alicyclic on the other hand are saturated hydrocarbon compounds bearing one 
or more rings and having a general molecular formula of CnH2n. This group of 
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compounds are sometimes called cycloalkanes. In the industry, they are known 
as cycloparaffins or naphthenes. 
 Unsaturated Hydrocarbons: These are not usually a component of crude oils, but 
may be introduced during cracking process (Yang, 2011). They are characterised 
by the C=C (double bonds or triple bonds) for alkenes or alkynes respectively. 
 Aromatics hydrocarbons are typified by the cyclic or ringed benzene structures 
(Yang, 2011). They are a member of a rather complex group of unsaturated 
compounds composed primarily of carbon and hydrogen, however some may 
contain heteroatoms (OGP, 2002). This group of compounds have been further 
subdivided into the following by OGP (2002). 
i. Benzene, Toluene, Ethylbenzene and Xylene- all three isomers (BTEX). 
According to OGP, (2002), this group makes up the monocyclic 
aromatics. 
ii. Naphthalene, Phenanthrene and Dibenzothiophene (NPD). This group 
of compounds includes the C1 to C3 alkyl group and contains 2 to 3 cyclic 
rings. 
iii. Polycyclic Aromatic Hydrocarbons (PAH). As the name implies, this 
group has 3 to 6 ring structure. They are the 16 Environmental 
Protection Agency’s priority pollutants; however, this excludes 
phenanthrene and naphthalene, which have been grouped under the 
NPD group (OGP, 2002). 
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5.1  Legal Framework  
Industry policy formulation, which aids legislation and guidance for produced water 
management and or disposal, is based on a good understanding of the characteristics 
and composition of produced water (Veil et al., 2004). Over the years, the industry has 
been guided by operators’ initiatives. More recently, however, regulations have been 
centred around reliance on best practicable technology (BPT) and best available 
technology (BAT) for accessing technologies for the treatment/management of 
produced water.  
In the United States for instance, Subpart C of 40, Code of Federal Regulation (CFR) Part 
435.13 under the Code of Federal Regulations, oil and gas extraction point source 
category, waste source, pollutant parameter, and BAT for effluent limitation are 
outlined. For produced water, the maximum discharge concentration for oil and grease 
for any given day is limited to 42 mg/L, while the average allowable discharge 
concentration over a thirty-day period (consecutively), is 29 mg/L. For free oil (macro 
emulsions of more than 20 µm in size and exhibiting a distinct phase difference from 
water and thermodynamically unstable) shown in Figure 5.1 and diesel oil, the Best 
Available Technology (BAT) effluent limitation is “no discharge” which effectively means 
zero effluent discharge (EPA 2016; GPO 2016). This means that, there should be no 
discharge of produced water known to contain free oil or diesel oil even if the best 
technology available technology has been applied.  
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Figure 5.1: Photomicrograph of oil-in-water emulsion (Petrowiki, 2013) 
 
In Nigeria, the key parameter that has been statutorily enforced in offshore locations 
has mostly been oil-in-water (OIW) or what is known in the United States as oil and 
grease (OG), and this is monitored on a daily basis. Oil has been defined by OSPAR 
Recommendation 2001/1 (as amended by Recommendation 2006/4), as the total 
hydrocarbons, determinable by the appropriate sum of analytical results obtained using 
prescribed reference methods for dispersed oil and aromatic hydrocarbons. It should 
also be pointed out that oil in water exists in three forms; dissolved, dispersed and free 
oil (Yang, 2011; Petrowiki, 2013). Other parameters monitored, in addition to the ones 
in Table 5.2 include electrical conductivity, and dissolved oxygen. These parameters are 
monitored weekly as are phenols, ammonium sulphide, ammonia, total phosphorus and 
metals (EGASPIN, 2000). Phenols, metals, ammonium sulphide etc.  are monitored 
weekly in production tank farms (storage facilities where crude oil, associated formation 
water and gas from flow stations is pumped) and crude oil export terminals (where 
crude oil is dehydrated, badged and shipped for refining).  
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Table 5.2: Produced water discharge limits in Nigeria (Environmental Guidelines and Standards 
for the Petroleum Industry in Nigeria, EGASPIN, 2000). 
Effluent Parameter Inland area Nearshore Offshore 
pH 6.5-8.5 6.5-8.5 No limit 
Temperature oC 25 30 - 
Oil/Grease content (mg/L) 10 20 40 
Salinity (mg/L) 600 2,000 No limit 
Turbidity (NTU) <10 <15 - 
Total dissolved solid (mg/L) 2,000 5,000 - 
Total suspended solids (mg/L) <30 <50 - 
Chemical oxygen demand (mg/L) 10 125 - 
Biochemical oxygen demand (mg/L) 10 125 - 
Lead (ppm) 0.05 No limit - 
Iron (ppm) 1.0 No limit - 
Copper (ppm) 1.5 No limit - 
Chromium (ppm) 0.03 0.05 - 
Zinc (ppm)  1.0 5 - 
Sulphide (mg/L) 0.2 0.2 0.2 
Sulphate (SO4-) mg/L 200 200 300 
Mercury (ppm) 0.1 - - 
 
According to DECC (2011), offshore effluent discharges in the United Kingdom, is guided 
by the Offshore Petroleum Activities Oil Pollution Prevention and Control Regulations 
2005 (OPPC) as amended 2011, which ensures discharges, especially oily ones, meet 
discharge regulations. The energy development unit, with precise sample and analytical 
methods, provides technical guidance on effluent discharges. The discharge of produced 
water into the sea in the United Kingdom is preconditioned on the following 
requirements; 
 Analysis of the produced water for dispersed oil 
 Analysis of hazardous and non-hazardous discharges for oil in water content 
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 Provision for and use of other analytical methods approved by DECC, such as the 
one used for this study 
 Biannual analysis of produced water for the following; 
1. Total Aliphatics. 
2. Total Aromatics. 
3. Total Hydrocarbons.  
4. BTEX (Benzene, Toluene, Ethyl Benzene and Xylene).  
5. NPD (Napthalene, Phenanthrene and Dibenzothiophene).  
6. 16 EPA PAH’s (excluding Naphthalene and Dibenzothiophene).  
7. Organic Acids (Total Organic Acids, Formic, Acetic, Propionic, Butanoic, 
Pentanoic and Hexanoic Acids).  
8. Phenols/alkylphenols C0-C3. (Specific details of these compounds have been 
discussed in chapter one section 1.5). 
9. Metals (Arsenic, Cadmium, Chromium, Copper, Lead, Mercury, Nickel, Zinc) 
The major guidance for permitted dispersed oil discharge within the United Kingdom 
continental shelf (UKCS) is based on OSPAR Recommendation 2001/1, which requires all 
oil installations to achieve a 30 mg/L oil in produced water discharged to sea.  It is 
expected that the average monthly discharge must not exceed 30 mg/L and a maximum 
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concentration must not exceed 100 mg/L at any point, nor one tonne within any 12 h 
period.  
In Australia, the statutory discharge quality for OIW is 30 mg/L, while China puts the 
discharge limit for OIW and COD at 10 mg/L and 100 mg/L respectively (Fakhru’l-Razi et 
al., 2009).  
5.2  Justification of Study  
According to the statistical review of world energy consumption by British Petroleum 
(BP) 2014, global energy consumption reached a new world record of 86.8million barrels 
per day in 2014 from 86.2 million barrels per day in 2013. With an average water/oil 
volume ratio for production wells averaging from 3:1 to 10:1 (Igunnu and Chen, 2012; 
Sumi 2005; Benko and Drewes, 2008), the volume of produced water generated daily 
constitutes waste of concern to the environment. 
As mentioned earlier, the alkylated phenols which are among the most stable 
constituents of produced water, and which account for about 90% toxicity of produced 
water have until recently not been given the attention they deserve. Focus has always 
been on OIW concentration. There have been reports of endocrinal disruption effects in 
marine organisms attributed to these compounds in addition to birth defects to certain 
species of fishes, which has necessitated the routine monitoring of alkylphenols (C1-C5) 
in both the United Kingdom and the Norwegian sector of the North Sea (Thomas et al., 
2009). The need to therefore undertake water treatment studies with potential to 
decontaminate produced water cannot be over emphasised.   
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5.3 Aims and Objectives  
The aim of this chapter is to apply the optimised oxidation conditions developed for the 
decomposition of DMP in water to the degradation of synthetic produced water in both 
batch and continuous flow processes. The objectives of this study include;  
 To establish from literature, the average composition of produced water,  
 To identify analytical parameters used in the Industry for the monitoring 
produced of water discharge quality. 
 To select or develop (if required) analytical methods and procedures for the 
analysis of oil-in-water which is an index parameter for produced water quality 
discharge criteria. 
 To treat synthetic produced water in batch and continuous flow modes based on 
established optimum process parameters for the catalysis of DMP in water 
determined in chapters three and four. 
 To monitor the catalytic process of produced water in batch and optimise if 
necessary to attain best conditions.  
 To set up a rig for continuous flow treatment of synthetic produced water, and 
monitor loss of DMP, COD leached iron and OIW.   
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5.4  Experimental Methodology 
5.4.1 Reagents/Chemicals and Materials 
The materials used for this study are as shown in Table 5.3. 
Table 5.3: Reagents/Chemicals and Materials used for this study. 
Chemical/reagent Linear formula/ Symbol % Purity Source 
3,5-dimethyl phenol (CH3)2C6H3OH ≥ 99 Sigma Aldrich 
Hydrogen Peroxide H2O2 30.0 Fisher Scientific 
Hydrochloric acid HCl 36.0 Fisher Scientific 
Acetonitrile CH3CN 99.8 Fisher Scientific 
Double distilled water H2O - DMU-Fistreem 
Cyclon: WSC044 
n-Hexadecane CH3(CH2)14CH3 99.0 Sigma Aldrich 
Tridecane CH3(CH2)11CH3 ≥ 99 Sigma Aldrich 
Acetic acid CH3CO2H 99.7 Sigma Aldrich 
Sodium hydrogen carbonate NaHCO3 99.0 Sigma Aldrich 
Sodium Hydroxide NaOH 98.0 Sigma Aldrich 
Sodium Chloride NaCl 99.0 Fisher Scientific 
Benzene  C6H6 99.8 Sigma Aldrich 
Toluene  C6H5CH3 99.5 Sigma Aldrich 
Ethylene Benzene C6H5C2H5 99.5 Sigma Aldrich 
Xylene C6H4(CH3)2 99.5 Sigma Aldrich 
2,6,10,14-
tetramethylpentadecane 
(TMPD) 
(CH3)2CH(CH2)3CH(CH3) 
(CH2)3CH(CH3)(CH2)3CH(CH3)2 
 
98.0 Sigma Aldrich 
Tetrachloroethylene (TTCE) CCl2=CCl2 ≥ 99 Sigma Aldrich 
Isooctane  (CH3)2CHCH2C(CH3)3 ≥99 Sigma Aldrich 
 
Laboratory equipment and other materials used for the study include Radley carousel, 
flea, magnetic stirrer, rotating disc reactor, modified heterogeneous PAN catalyst, 
analytical balance, Marlow series 101U peristaltic pump, and P1000 Gilson pipette.  
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5.4.2 Analytical Equipment 
Equipment used for this study included the following; Perkin Elmer HPLC series 200 
fitted with a UV detector, PerkinElmer Flame atomic absorption spectrometer AAnalyst 
200 model fitted with a touchscreen interphase, FTIR – Bruker Alpha model, and DR 
3800 Hach Lange spectrophotometer.  
5.4.3 Rotating Contacting Reactor  
Figures 5.2 and 5.3 show the schematic of the reactor set-up and the photograph 
respectively of the rotating contacting reactor used for the continuous flow studies. It 
consists of a 900 mL cylindrical tank made of acrylic, fitted with 8 disks of 2.5 cm radius 
on a shaft which is connected to a motor, and rotates the disks, loaded in total with 180 
g of modified PAN catalytic mesh. The shaft rotated at a low adjustable velocity of 8-10 
rpm. The large shear forces of the rotating disks provide efficient mixing of the reaction 
system giving high mass transfer rates.  
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Figure 5.2: Schematic diagram of Rotating Contacting Reactor used for the continuous flow 
experments                                  
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Figure 5.3: Photograph of the reactor system and setup used for the continuous flow experiments 
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5.4.4 Methodology 
A protocol developed for the preparation of synthetic produced water that is based on 
the composition described in Table 5.4 for batch experiments and Table 5.5 for 
continuous flow experiments. Parameters monitored in the reaction systems were 
namely; alkylphenol concentration (DMP), OIW and COD.  
Table 5.4: Average composite concentrations of common organic and inorganic constituents in 
produced water from conventional oil and gas operations, from selected fields around the 
world. (Rice, 2000; Benko and Drewes, 2008; Igunnu and Chen, 2012). The third highlighted 
column shows the concentrations/values adopted in the batch study. 
Compound/Unit Average 
range  
Concentration 
adopted 
 
Density of 
constituent 
(g cm-3) 
Volumes/mass 
of constituent 
in 4 litres 
pH 4.3-10 2.9 - 3.2   
n-hexadecane mg/L 6.9-700 80 0.77 415 µL 
Tridecane mg/L 6.9-700 80 0.76 423.2 µL 
AlkylPhenols (3,5-DMP) mg/L 0.04-23 25  100 mg 
Benzene mg/L 0.39-35 8.74 
 
8.73 
 
8.74 
 
8.72 
0.87 40.2 µL 
Toluene mg/L 0.39-35 0.86 40.6 µL 
Xylene mg/L 0.39-35 0.87  40.2 µL 
Ethyl benzene mg/L 4.95 0.86 40.6 µL 
Measured COD mg/L 48-1220  750 - 766   
HCO3  mg/L 150-2000 200  1.1 g (NaHCO3) 
Chlorides mg/L 80-200000 1996  13.2 g (NaCl) 
Acetic acid as Total Fatty Acids 
mg/L 
2-4900 525 1.05 2 mL 
 
 
35 
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Produced water samples were catalysed using a modified PAN fibrous catalyst 
previously described in chapter three and H2O2 as oxidant in duplicate in batch mode, 
where the loss of DMP, COD and OIW was monitored and reported. The reaction system 
was optimised with respect to H2O2 concentration and dosage. Subsequently, the 
optimised batch conditions were applied in continuous flow mode in a 900 mL rotating 
disc reactor described in section 5.4.3, where DMP, COD, and OIW were monitored for 
almost one month and reported. 
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Table 5.5: Average composite concentrations of common organic and inorganic constituents in 
produced water from conventional oil and gas operations, from selected fields around the 
world. (Rice and Nuccio, 2000; Benko and Drewes, 2008; Igunnu and Chen, 2012). The third 
highlighted column shows the concentrations/values adopted in the continuous flow study.  
 
5.4.5 Instrumentation/ Analytical methods 
5.4.5.1 Analysis of Oil- in- Water 
Oil-in-water analysis was monitored using the Bruker Alpha FTIR in the transmission 
module. The sample holder was fitted with a 2’’x 3’’ square cuvette holder to enable the 
use of a 10 mm type 1 silica grade cuvette. The single wavenumber infrared method, 
also known as the DECC Infrared/Tetrachloroethylene method, was used for the 
Compound/Unit Average 
range  
Concentration 
adopted 
 
Concentratio
n in PW feed  
Measured 
Concentration 
lifted into 
reactor  
pH 4.3-10 2.9 - 3.2 2.9 - 3.2  
n-hexadecane mg/L 6.9-700 40 96.25  
Tridecane mg/L 6.9-700 40 95 
AlkylPhenols (3,5-DMP) mg/L 0.04-23 25-30 25-30 24-29 
Benzene mg/L 0.39-35 35 108.8  
Toluene mg/L 0.39-35 35 107.5 
O-Xylene mg/L 0.39-35 35 108.8 
Ethyl benzene mg/L 4.95 35 107.5 
Measured  COD mg/L 48-7220  ~ 750  
HCO3  mg/L 150-2000 200 200 1.1 g ( NaHCO3) 
Chlorides mg/L 80-200000 1996 1996 13.2 g ( NaCl) 
Acetic acid as Total Fatty Acids 
mg/L 
2-4900 525 525 2 mL 
2-27.9 
as OIW 
39 avg. 
as OIW 
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experiments conducted in batch mode. This has an absorbance peak at 2930 cm-1 that 
corresponds to the CH3 stretch vibration, which theoretically quantifies the aliphatic 
constituents, and some of the aromatic hydrocarbon fractions such as ethylbenzene 
(Yang, 2011), owing to its relatively low solubility in water. On the other hand, a modified 
triple peak method, IP 426/98 was used for the analysis of oil-in-water for the 
continuous flow experiment to enable proper accounting for the aromatic fractions as 
well. This method has been described in more details in section 5.4.5.4.  It should be 
noted that in continuous flow process, there is possible loss of volatile fraction due to a 
large exposed surface area in the reactor, the available headspace and continuous 
stirring of the feedstock (Libra, 1991). In addition to this, there is also the problem of 
sorption of the non-polar fraction of the PW constituents onto the connection tubing 
material (silicone hose).  
This has therefore necessitated the preparation of a slightly different recipes for the 
produced water used for batch and continuous flow experiments. The concentrations of 
the volatile fraction has been increased as shown on Table 5.5 to make up for possible 
lost constituents.  
5.4.5.2 Procedure for Oil-in-Water Analysis using FTIR/Tetrachloroethylene single 
wavenumber Method for Batch Experiments 
 
Calibration standards for oil- in- water (OIW) for batch mode experiments were 
prepared using isooctane and n-hexadecane using the back extraction method (Yang, 
2011). The calibration graph is presented in Figure 5.4. Alternatively, a dry (devoid of 
moisture) crude oil sample from a field under study is a preferred option for the 
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calibration standard. 200 mL produced water sample was completely transferred into a 
500 mL separating funnel and was treated as per OSPAR reference method 
(Measurement of oil in water; FTIR/Tetrachloroehthylene method) for single 
wavenumber, which is a modified version of the ISO 9377-2 method as follows: 
In this OSPAR method, 20 mL of the extraction solvent – tetrachlroethylene (TTCE), was 
added to the 200 mL sample (this is equivalent to 10% of extraction solvent). Following 
this, the pH of the 200 mL sample solution was adjusted to pH 2 by the drop-wise 
addition of a known volume of HCl (1:1 by volume HCl solution). The acid functions to 
dissolve any precipitates formed by the carbonates and any emulsions formed on the 
solvent/water boundary upon the addition of the TTCE.  
This mixture was agitated vigorously for 2 min and then clamped to a retort stand and 
allowed to settle for another 15 min. The separated extract was collected over a glass 
funnel fitted with filter paper and a bed of 1g of silica gel activated by heating in a 
furnace at 500 oC for 4 h (Yang, 2011; DECC, 2011). The activated silica gel was applied 
to remove the polar organic compounds while an additional 1g of magnesium sulphate 
was added to the silica gel to remove moisture. The recovered extract (filtrate) was 
made-up with a known volume of TTCE to the original volume of the extraction solvent 
(20 mL) and analysed for OIW using FTIR.  Samples were introduced into an FTIR fixed 
cell which had a spacer thickness of 5mm. The absorbance was measured at 2930 cm-1 
and estimated as the peak area to the local baseline as demonstrated in Figure 5.4 
below, designated as “B” on the OPUS 7.5 software available on the Alpha Bruker FTIR. 
The concentration of OIW was calculated from the line equation of the calibration graph 
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in Figure 5.5 given as (y=0.0009x + 0.0131). The concentration for the OIW measurement 
was determined from the equation; 
Corrected oil concentration (mg/l) = oil concentration (from calibration) x V (mL) x DF 
               (Actual sample volume – vol. acid added) 
 
Where, DF = dilution factor = (final volume of extract / initial volume of extract), 
OIW = Final oil in water concentration (mg/L) 
Oil concentration (mg/L) = concentration of oil from sample extract determined by 
applying the measured absorbance to calibration graph equation, and V (mL) is the 
volume of sample.  
 
Figure 5.4: Illustration of how the absorbance at 2930 cm-1 was measured as peak area to the 
local baseline (designated as B in the Opus package)  
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5.4.5.3 OIL –in-Water Calibration for FTIR/Tetrachloroethylene single 
wavenumber Method used for Batch Experiments 
 
Working standards spanning a range of 5 to 80 mg/L (5, 10, 20, 40 and 80 mg/L) were 
prepared by serial dilution of the reference oil stock (isooctane and n-hexadecane) for 
single wavenumber method.  The reference oil stock was 1000mg/L of isooctane and n-
hexadecane made up in TTCE (144.5 µL isooctane and 129.9 µL n-hexadecane in 100 mL 
TTCE). The average absorbances of respective working standards was used to plot the 
calibration curve presented in Figure 5.5.  
 
 
Figure 5.5: Calibration graph for oil in water analysis. Calibration standards used were isooctane 
and n-hexadecane of 5 to 80 mg/L mixed standard solution, made up in TTCE.  
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5.4.5.4 OIL –in-Water Calibration and Determination Using Triple Peak Method for 
Continuous Flow Processes 
 
For continuous flow experiments however, the triple peak infrared method of oil in 
water analysis was used to determine the oil in water concentrations resulting from the 
aromatic hydrocarbons (BTEX) and aliphatic hydrocarbons (n-hexadecane and 
tridecane).  In a triple peak or three-wavenumber infrared method, Infrared absorbance 
at three different wavenumbers is measured simultaneously instead of a single fixed 
wavenumber as with the single peak method. These wavenumbers are as follows; the 
stretch vibration of aromatics C–H at 3030 cm–1, methylene HC–H at 2960 cm–1 and 
methyl H2C–H at 2930 cm–1. 
Calibration was done using 50 ppm each of standards (Toluene, TMPD and n-
Hexadecane) as per section 7.13 of modified IP426/98 method as described by 
Department of Energy and Climate Change (DECC 2011). Quantification was achieved 
using the following equations according to the modified IP426/98 method (DECC 2011; 
Yang 2011): 
C = [ X (A2930)] + [ Y ( A2960)] + [ Z (A3030 – A2930 / F )]                                                   … (5.1) 
Where C is the concentration of the hydrocarbons in the calibration standard; 
A2930, A2960 and A3030 are the absorbance determined by integrating peak height to the 
axis, designated as “J” in the OPUS software (Figure 5.6) at 2930 cm-1, 2960 cm-1 and 
3030 cm-1 while F is A2930/A3030 for hexadecane standard respectively scanned between 
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2600 cm-1 and 3400 cm-1 for each extracted oil in water sample. And X, Y, and Z are 
weighted contributions of aliphatics (X and Y) and aromatics (Z ) to OIW concentration.  
 
Figure 5.6: FTIR spectrum of an inlet sample showing an illustration of how the peak height to 
the axis (J) is integrated at 2930 cm-1, 2960 cm-1 and 3030 cm-1 respectively, scanned between 
2600 cm-1 and 3400 cm-1  
 
The FTIR absorbance spectra for each of the 50 ppm standards have been presented in 
Figure 5.7 to 5.9. 
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Figure 5.7: FTIR spectrum of n-hexadecane in TTCE at a 50 ppm concentration using the 
following instrument parameters; resolution 2  cm-1, sample scan time 45 seconds, 20 sample 
and background scans with atmospheric compensation, saved data from 3600 cm-1 to 2700 cm-
1 
 
 
Figure 5.8: FTIR spectrum of Toluene in TTCE at a 50 ppm concentration using the following 
instrument parameters; resolution 2 cm-1, sample scan time 45 seconds, 20 sample and 
background scans with atmospheric compensation, saved data from 3600 cm-1 to 2700 cm-1. 
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Figure 5.9: FTIR spectrum of TMPD in TTCE at a 50 ppm concentration using the following 
instrument parameters; resolution 2 cm-1, sample scan time 45 seconds, 20 sample and 
background scans with atmospheric compensation, saved data from 3600 cm-1 to 2700 cm-1. 
 
For the hexadecane standard, the Z term is zero and for the TMPD standard, the Z term 
is assumed to be zero. Thus, the three simultaneous equations become: 
Ctoluene = [ X (A2930, toluene)] + [ Y (A2960, toluene)] + [ Z (A3030, toluene – A2930, toluene / F)]       …(5.2) 
 CTMPD = [ X ( A2930, TMPD)] + [ Y ( A2960, TMPD )]                                                                       …(5.3) 
 Chexadecane =  [ X ( A2930, hexadecane)] + [ Y (A2960, hexadecane)]                                                  …(5.4) 
Where Ctoluene, CTMPD and Chexadecane are the concentrations of the stock solutions. The 
values for X, Y and Z were simultaneously determined from the absorbance 
measurements on Table 5.6. 
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Table 5.6: Absorbance of OIW standards used for the triple peak method of OIW 
determinations 
OIW Standard Absorbance at 
3030/cm 
Absorbance at 
2960/cm 
Absorbance at 
2930/cm 
50ppm 
Hexadecane 
0.007 0.089 0.247 
50ppm Toluene 0.031 0.022 0.038 
50ppm TMPD No peak 0.131 0.141 
 
The oil content of the sample, CTotal, in milligrams per litre, was therefore determined 
using equation 5.5: 
CTotal = {[ X ( A2930)] + [Y (A2960] + [Z (A3030 – A2930 / F)]} 
10𝑣𝐷
𝑉𝐿
                                  … (5.5) 
Where X, Y and Z are factors determined simultaneously from equations 5.2, 5.3, and 
5.4. V is the volume of produced water sample that was extracted, in millilitres; D is the 
dilution factor (if the sample is not diluted, D=1). v is the volume of TTCE in mL used to 
extract the produced water sample, in millilitres; and A is the absorbance at the specified 
wavenumbers; F is A2930/A3030 for hexadecane standard; L is the cell path length in mm. 
The cuvette used for the triple peak method was a 10mm quartz-silica FTIR grade 
cuvette. This was used in the Alpha Bruker FTIR by using a 2”x3” cuvette holder adapter. 
To determine the aliphatic and aromatic fractions we have that: 
C aliphatic = { [X (A2930)] + [Y(A2960)]} 
10𝑣𝐷
𝑉𝐿
                                                                            … (5.6)                                                       
Caromatic = Ctotal - Caliphatic                                                                                                      … (5.7) 
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5.4.5.4.1 Determination of X, Y and Z values simultaneously  
Using the absorbance, the values of X, Y, and Z in equation 5.5 were determined 
simultaneously using equations 5.2, 5.3, and 5.4 as follows: 
50 = [ X (0.038)] + [ Y (0.022)] + [ Z (0.031 – 0.038/35.285)]                                   …(5.8) 
50 = [ X (0.141)] + [ Y (0.131)]                                                                                       …(5.9) 
50 = [ X (0.247] + [ Y (0.089)]                                                                                        …(5.10) 
 
50 = 0.038X + 0.022Y + 0.030Z                                                                                     …(5.11) 
50 = 0.141X + 0.131Y                                                                                                     …(5.12) 
50 = 0.247X + 0.089Y                                                                                                     …(5.13)  
From equation 5.12, X is given by: 
0.141X + 0.131Y = 50                                                                                                     …(5.14) 
0.141X = 50 - 0.131Y                                                                                                     … (5.15) 
X=
50−0.131Y
0.141
                                                                                                 …(5.16) 
Substituting X in equation 5.13 we have that:  
50 = 0.247 (
50−0.131Y
0.141
) + 0.089Y                                                                                … (5.17) 
50 = 1.752 (50 - 0.131Y) + 0.089Y                                                                              … (5.18) 
50 = 87.6 – 0.2295Y + 0.089Y                                                                                     … (5.19) 
50 = 87.6 – 0.1405Y 
Y = 267.59                                                                                                                       …(5.20) 
Substituting Y = 267.59 in equation 5.16, we have that: 
X =  
50−0.131(267.59)
0.141
                                                                                                        …(5.21) 
X = 
50−34.93
0.141
                                                                                                                    … (5.22) 
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X = 106.86                                                                                                                     … (5.23) 
Substituting X and Y in equation 5.11, we have that: 
50 = 0.038(106.86) + 0.022(267.59) + 0.030Z                                                         … (5.24) 
50 = 4.061 + 5.865 + 0.030Z                                                                                       … (5.25) 
Z = 
40.072
0.030
                                                                                                                        … (5.26) 
Z = 1335.75                                                                                                                   … (5.27) 
 
5.4.5.5 Analysis of DMP and H2O2 
The rate of loss of substrate (DMP) and hydrogen peroxide were monitored on a 
PerkinElmer series 200 LC Turbo model fitted with a UV detector. The procedure varies 
from the one previously described in chapter three. In this case, the UV detector 
wavelength was changed to 210 nm and column changed from phenomenex to Grace®.   
DMP was monitored at a detector wavelength of 210 nm and a pump flow rate of 1.5 
mL/min. The isocratic mobile phase was acetonitrile and water 40:60 v/v. The stationary 
phase was a Grace® RP column with 4.6 ID, 5 microns internal packing material and a 
length of 250 mm. DMP had a retention time of 5.4 min while the H2O2 eluted at 2.2 
min. The total run time was 8 min. The calibration graph is as shown on Figure 5.10.  
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Figure 5.10: Calibration graph for 3,5-DMP 
 
5.4.5.6 Analysis of Total Iron Leached into Reaction Solution and on the Catalyst 
The impregnated iron on catalyst after acid digestion and leached iron in the reaction 
process was measured using a PerkinElmer flame atomic absorption spectrometer 
(AAS). The method and procedure has been described in detail in section 3.3.1.3, in 
chapter three. 
5.4.5.7 Analysis of Chemical Oxygen Demand (COD) 
The chemical oxygen demand COD, was monitored using spectrophotometry reference 
method –COD cuvette test ISO 15705, with cuvette vials of measuring range 0 - 
1000mg/L  and 100- 2000 mg/L for the synthetic produced water analysis. The detailed 
procedure has already been described in chapter three section 3.3.1.2.  
Preliminary experiments designed to check possible interference of chloride ion on COD 
measurements involved COD test of acetic acid with high chloride solutions (500, 2000 
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and 4000mg/L NaCl as chloride). Acetic acid was chosen because of its high return on 
COD measurement (~ 98 to 100% return on COD).  
COD analysis was also used for the determination of the stability of suspected volatile 
hydrocarbon compounds namely: BTEX and acetic acid.  
5.5 Experimental Procedure for Batch Process 
5.5.1 Control experiments 
Preliminary experiments involved the setting up of four control experiments for possible 
loss of substrates through volatilization (due to headspace), sorption on catalyst and 
degradation by H2O2. The following duplicate samples of freshly prepared synthetic 
produced water (PW) were transferred into thermostated carousel reactor fitted with a 
magnetic stirrer and the pH was adjusted to 3.0;  
1. 200 mL of 500 mg/L acetic acid in double distilled water  at pH3, stirred  for 
240min 
2. 200 mL PW only, stirred for 240 min 
3. 200 mL PW with 10 g catalyst only, stirred for 240 min 
4. 200 mL PW with 1000 mg/L H2O2 only 
 
These have been presented in Table 5.7 below. 
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Table 5.7: control experiments for produced water degradation to monitor extent of volatility 
Experiment N0. Experimental 
Conditions 
Reagents 
Added 
Parameters 
determined 
1 -500 mg/L acetic acid 
in 200 mL double 
distilled water 
-Stirred for 240 min  
None Initial and final COD 
2 -200 mL of pure BTEX 
in double distilled 
water, stirred for 240 
min  
None Initial and final COD and  
 
3 -200 mL of mixed 
solution of n-
hexadecane and 
tridecane, stirred for 
240 min 
H2O2 Initial and final COD 
and OIW (single peak 
method) for aliphatic 
hydrocarbon fractions  
4 -200 mL PW, stirred for 
240 min 
1000 mg/L 
H2O2 
Initial and final COD 
and OIW(single peak 
method) for aliphatics 
hydrocarbon fractions 
5 -500 mg/L NaCl as 
chloride in 500 mg/L 
acetic acid solution 
No reaction,  
determination 
of initial COD 
COD 
6 -2000 mg/L NaCl as 
chloride in 500 mg/L 
acetic acid solution 
No reaction,  
determination 
of initial COD 
COD 
7 -4000 mg/L NaCl as 
chloride in 500 mg/L 
acetic acid solution 
No reaction,  
determination 
of initial COD 
COD 
 
The results for all control experiments are presented in Tables 5.8, 5.9 and 5.10 in the 
results section.  
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5.5.2 Batch experiments 
For the batch experiments, duplicate samples of produced water (PW) were again 
transferred into thermostated carousel reactor described previously at pH 3.0. The 
batch reaction was initiated by the addition of a modified PAN catalytic mesh and 
hydrogen peroxide as previously described in chapter three. This is as shown in Figure 
5.11. 
 
Figure 5.11: Batch process for the heterogeneous catalytic degradation of synthetic produced 
water using a modified PAN catalyst 
 
The following parameters were monitored; COD, using DR 3800 Hach Lange 
spectrophotometer, after sample digestion on the Hach Lange LT200 digestion block. 
DMP was monitored on the HPLC and OIW was monitored using FTIR. 
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For Oil-in-water measurement, both residual concentration in the treated effluent and 
absorbed OIW concentrations (absorbed oils) were considered and accounted for. The 
oils absorbed on the catalyst were determined according to the modified method on 
Annex A, DECC IR Method for Determination of Oil on Sand/Scale/Solids. The 
determined concentration is presented as “desorbed OIW concentration”. 
5.5.3 Procedure for Desorption of Oils on Catalyst in Batch Experiments 
The DECC IR method for determination of Oil on Sand/Scale/Solids (DECC 2011), was 
slightly modified with respect to volumes and adopted. The 10 g of catalyst used in the 
200 mL batch reaction was removed from the reactor and 200 mL of the reaction 
solution was transferred into a clean dry 500 mL stoppered glass bottle and 50 mL of 
TTCE was added. This was shaken vigorously for two minutes, after which the catalyst 
was removed.  The desorbed oil in TTCE (50 mL) was passed over a TTCE wetted filter 
paper stuffed with one gram of silica gel and MgSO4 each and collected into 50mL 
volumetric flask. This was measured on the FTIR using FTIR/Tetrachloroethylene method 
for single wavenumber dispersed oil determination described in section 5.4.5.2 and 
calculated from the calibration graph in Figure 5.4. The actual concentration for the 
desorbed OIW measurement in mg/L was determined from the equation 5.28; 
Desorbed oil (mg/L) = oil concentration from calibration (mg/L) x V (mL)             ... (5.28) 
                    Actual sample volume - volume of acid    
 
Desorbed oil (mg/L) = Corrected oil concentration  
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Oil concentration (mg/L) = concentration of oil from sample extract determined by 
applying the measured absorbance on the FTIR to the calibration equation, and V (mL) 
is the volume of sample. 
5.6 Experimental Procedure for Continuous Flow Treatment System 
Continuous flow experiments create a better opportunity to study in more detail certain 
catalyst properties and process parameters that in the end gives a better understanding 
for upscaling wastewater treatment processes.  The advantages of having a catalyst on 
an immobilised support in continuous flow reactor systems is given by Chaplin (2014). 
This advantage is due to the loss of catalyst material in slurry reactor systems as some 
catalyst exits with the effluent which results in less contact time for catalyst and 
substrate in reacting systems as well as contaminating the treated effluent.  
Chaplin (2014) classified continuous flow reactors into three main groups. These are; 
Continuous Stirred Tank Reactor (CSTR) which has complete and rapid mixing properties, 
the Packed Bed Reactor (PBR) which has no mixing and flows are typically plug flows and 
the Fluidised Bed Reactor (FBR) which is between the previous two, with little or no 
mixing. 
The continuous flow treatment system is usually a scale-up of laboratory scale reactor 
designs and experiments. The laboratory reactions afford the opportunity for 
optimization towards pilot scale treatments where process parameters such as 
diffusivity, mixing, heat flow (conduction, convection, thermal radiation, or phase-
change transfer) etc, can be optimised to overcome mass transfer limitations which is a 
potent problem in heterogeneous catalytic systems. 
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5.6.1 Materials 
In addition to the materials used for the batch reaction process, the materials used for 
the continuous flow study were: 5 mm borosilicate glass tubes, Marlow series 101U 
peristaltic pumps, fume hood, Masterflex platinum cured silicon tubing, and 900 mL 
rotating disc reactor. 
5.6.2 Procedure 
The continuous flow experiments were carried out in a fume hood, using the rotating 
disc reactor shown in Figures 5.2 and 5.3. The produced water was fed through 5mm OD 
borosilicate glass tubing to avoid loss of oils through sorption where possible. Where 
unavoidable, especially around the peristaltic pumps, 4.8 mm OD silicon tubing was 
used. Two feed glass bottles, one containing H2O2 and the other synthetic produced 
water, were fed into the reactor where the 180g of washed and normalised catalyst to 
pH3 was affixed to 8 discs, which were rotated by a motor. The pH of both the produced 
water and H2O2 was adjusted to pH3. 
Produced water was made to double the required strength (with respect to the 
concentration of constituents) and was diluted by H2O2, to the required strength, which 
was pumped at an equal flowrate using the same pump and tubing of the same 
diameter. These (PW and H2O2) were pumped into the 900 mL reactor via a peristaltic 
pump (Figures 5.2 and 5.3) at a combined flow rate of 3.75 mL/min, to achieve a 
retention time of 240 min with an average theoretical inlet H2O2 concentration of 1000 
mg/L in the reactor. The H2O2 was the optimised value from batch processes. Mixing was 
achieved by the shear rotation of the catalyst discs and the reaction was at room 
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temperature.  The experiments were carried out in the spring, with average room 
temperature at about 23±2 0C. As already mentioned, OIW for continuous flow 
experiments was determined using the triple peak method while oil on catalyst was 
desorbed and measured using the same method (triple peak).  
5.6.3 Procedure for Desorption of Oil from Catalyst after Continuous Flow 
Experiments 
Due to environmental and health concerns, the use of large volumes of TTCE for 
desorption of residual oils on the catalyst in continuous flow catalysis (because of the 
large amount of catalyst involved) was not considered. At the end of the continuous flow 
experiment, attempts were made to use a non-petroleum based surfactant for the 
desorption oils from the catalyst.  
Small aliquots of FairyTM – 5 mL in 4000 mL of double distilled water (Proctor and Gamble 
2015) at 40 oC (Gitipour et al., 2014; Perfumo et al., 2007) were made up as a stock 
solution.  500 mL of the surfactant/water solution was transferred into the empty 
reactor with the used catalyst still in place. The wheels (with catalyst on) were rotated 
slightly faster than during normal experimental runs (15 rpm) with the reactor lid on for 
10 min, and the oils  were collected into the surfactant/water solution through  a process 
described as psuedosolubility by surfactant addition (Gitipour et al., 2014; Stroud et al., 
2007; Perfumo et al., 2007).  
The contents were emptied into a 1 L stoppered glass sample bottle. This desorbed 
sample was extracted using 50 mL of TTCE, however, there was poor separation 
between the surfactants and the oils. It was therefore not possible to extract the oils 
Degradation of Synthetic Produced Water in Continuous flow reaction                                              E U Ushie 
208 
 
from the surfactant, but the experiment led to the insight that surfactant solution could 
effectively desorb the oils from wheels, and could be applied as a regeneration step for 
catalyst desorption.  
The process of desorption was repeated with only water (500 mL) at 40 oC, followed by 
extraction using TTCE, which was then treated with 2 g each of silica gel and MgSO4 
followed by FTIR analysis according to the procedure described in 5.4.5.4.  Extraction 
and analysis was repeated two more times until no oil was found in the extract. The 
measured OIW concentrations from the three procedures were summed up to get the 
total desorbed oil concentration in the continuous flow process i.e aromatic and 
aliphatic oils. Oil recovery using this procedure was 78%. 
5.7 Results and Discussions for Batch Mode Experiments 
5.7.1 Results for control experiments 
 
Results for control experiments are presented in Tables 5.8, 5.9 and 5.10. Experiments 
1 to 4 (Table 5.7) were designed, to evaluate the stability of the volatile organic 
components of the produced water, in the reaction system such as BTEX, aliphatics 
(tridecane and n-hexadecane) and acetic acid in the absence of a catalysed Fenton-like 
oxidation. Experiments 5 to 7 (Table 5.7) were intended to examine the interference, if 
any, the extent and the onset of chloride ion interference in COD reading with respect 
to the concentration of chloride. 
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5.7.1.1 Stability of acetic acid in the absence of any treatment 
Results from COD experiments of pure acetic acid solution stirred for 240 min at pH 
three without any treatment showed that the acetic acid component of the PW lost only 
1.7% COD, which means it was stable throughout the three hours of no treatment. The 
initial COD and final COD were 545 and 536 mg/L respectively as shown in Table 5.7 
below (the theoretical COD (ThOD) for 500 mg/L acetic acid is 560 mg/L). COD was used 
as assessment parameter for its stability because the return on COD as seen in this study 
for acetic acid is almost 100% of the ThOD. This has been discussed in more details in 
section 5.7.2 below. 
5.7.1.2 Stability of BTEX in the absence of any treatment   
Pure solution of BTEX in concentrations similar to the ones in the produced water was 
made up in double distilled water and stirred for 240 min without any treatment and 
the initial and final COD was also determined. 
The results show that 32.5% of BTEX was lost within 240min of stirring and this is likely 
due to volatility. The initial measured BTEX COD was 85.5 mg/L (ThOD of the solution 
was 110.1 Table 5.8) which is 77.6% return on COD. The final COD of the reaction after 
stirring for 240minutes was 58mg/L.  
5.7.1.3 Stability of aliphatic hydrocarbon compounds in the absence of any 
treatment 
Results from similar experiments (as for BTEX) conducted for the aliphatic hydrocarbon 
component of produced water (represented by hexadecane and tridecane) showed an 
initial COD of 163 mg/L (ThOD of solution was 555.9 mg/L Table 5.8), which is a poor 
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COD recovery 29.32 mg/L. The final COD of tridecane and hexadecane reaction after 240 
minutes of stirring was 46 mg/L, indicating a loss of recoverable COD of 71% (based on 
measured initial COD) for aliphatic constituents after 240 min.  
The measured COD values of aliphatic hydrocarbons (highlighted in green) in Table 5.8 
below do not appear realistic owing to their low return on COD (Table 5.8). Aliphatics 
are heavier molecules than BTEX, with a vapour pressure of < 0.01 kPa at 20 oC, while 
benzene for instance has a vapour pressure of 12.7 kPa at 25 °C (volatility increased with 
increased vapour pressure). It is therefore practicable to use COD as a parameter to 
measure the loss of acetic acid which has between 95 to 100% return on COD and BTEX 
compounds which have an average of 77% return on COD (for all four compounds). 
However, this may not be accurate for measuring aliphatics that have a very low return 
on COD of less than 5% in some cases. 
Baker et al., (1999) explained that the oxidation of most organic compounds is assumed, 
rather vaguely to be up to about 95-100% of the theoretical value. In practical terms 
however, this value ranges from as low as < 3 to 100%, depending on the group of 
organic compounds. According to them, acetic acids return the most accurate COD 
(when compared with ThOD) giving coefficients of up to 1 (100%), while hydrophobic 
aliphatic hydrocarbons such as hexadecane has coefficients of 0.03 (3%). Benzene on 
the other hand has 65%, Toluene 40%, ethylbenzene 75%, O-xylene 72% and phenols 
which falls under the group referred to as well-correlated aromatics, with a mean 
COD/ThOD of 0.98 (98%). This means that the most correlated class of compounds with 
respect to COD/ThOD is the saturated organic acids (Baker et al., 1999).  
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Table 5.8: Stability of suspected volatile PW constituents based on initial and final COD after 4 
h 
Compound  ThOD in 
Reaction 
Initial COD Final COD % loss 
Acetic acid 560.0 545.0 536.0  1.7 
BTEX 110.1 85.5 58.0 32.5 
Aliphatics  555.9 163.0 46.0 71.0 
 
In addition to COD measurements, the single peak method of OIW was further used to 
evaluate the stability of aliphatics and the results are presented in Table 5.9 below. The 
single peak/wavelength method was used for quantification as with all batch processes 
in this study (CH2-H methyl vibration, mainly the aliphatic components at 2930 cm-1), 
based on the calibration graph for OIW analysis in Figure 5.5. 
Table 5.9: Absorbance and concentrations showing aliphatic hydrocarbon concentrations 
Wave 
number 
(cm-1) 
Initial 
Absorbance 
of PW at 
zero min 
Conc. of 
aliphatics 
at zero 
min 
(mg/L) 
Measured 
absorbance 
after 4 h:  
PW and 
H2O2 only 
Conc. of 
aliphatics 
after 4 h 
with H2O2 
(mg/L) 
Measured 
absorbance 
after 4 h:  
PW 
without 
treatment 
Conc. of 
aliphatics 
after 4 h of 
no 
treatment 
(mg/L) 
2930 0.153 155.44 0.118 118.00 0.123 122.11 
 
The results in Table 5.9 suggests that the aliphatic hydrocarbon (AHC) compounds were 
relatively stable in the absence of Fenton-like oxidation for 240 min.  The initial 
measured AHC concentration was 155.44 mg/L (Table 5.9), while the final concentration 
after 4 h in the presence of only H2O2 was 118 mg/L, which indicates a 24% loss of AHC 
due to the combined effect of H2O2 and volatilization.  
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The results for the untreated reaction solution exposed to only stirring for 4 hours 
recorded 21.44% reduction in the concentration of AHC at the end of 4 h (Table 5.9). 
There was a probable loss of 2.56% AHC due to the effect of H2O2 as seen in the 
difference of 4.11 mg/L AHC lost in the presence of H2O2 compared to when there was 
no H2O2 in the system; however, this loss is within the margin of error. The overall result 
suggests that the AHC compounds were relatively stable.  
5.7.1.4 Interference of chloride ion in COD measurement 
 
Results of the investigation of chloride interference in COD measurement has been 
presented in Table 5.10. It showed that chloride had no influence in the COD 
measurement within the range of the chloride ion concentration used in this work (1996 
mg/L).  Chloride ion however showed a contribution of about 18.89% to COD at 
4000mg/L chloride concentration.  
Table 5.10: Effect of high chloride concentration on COD measurement 
Concentration of 
Acetic acid 
(mg/L) 
Measured 
COD of 
Acetic acid 
(mg/L) 
Concentration Cl- 
(mg/L) 
Total COD 
after Cl- 
addition 
(mg/L) 
% Change in 
COD 
500 545 500 540 0 
500 545 2000 536 *1.65  
500 545 4000 648 18.89   
* Within the margin of error 
The results suggest that the onset of chloride ion interference in COD is when the 
concentration of chloride is > 2000 mg/L. It was therefore safe to carryout accurate COD 
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measurements in the prevailing concentrations of chloride used for these experiments, 
which was 1996 mg/L.   
Chloride interferes with COD measurement owing to the oxidation of chloride ions 
according to equation 5.29 and HgSO4 is often used to overcome this effect (Vyrides and 
Stuckey 2009): 
Cr2O7
2− + 6Cl- + 14H+ → 3Cl2 + 2Cr3+ + 7H2O                                                           … (5.29) 
 
5.7.2 Effect of 400mg/L H2O2 on the Degradation of PW 
The catalytic degradation of synthetic produced water was carried out with conditions 
previously optimised for the degradation of DMP, which represents the alkyl-phenolic 
components of PW, mainly responsible for its toxicity. Set parameters were; 10 g of Fe3+ 
PAN catalyst, 400ppm H2O2, 25 oC temperature, pH3 and a 200 mL reaction volume. The 
constituents of the simulated produced water in this reaction are as shown in Table 5.5, 
designated as ‘adopted concentrations’.  
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Figure 5.12: Decomposition of simulated produced water, showing loss of DMP and H2O2. Initial 
H2O2 concentration 400mg/L, Initial DMP concentration 25mg/L, 200mL reaction volume, 10g 
catalyst while reaction time 240 minutes at pH3 and 25±1oC. 
 
The results of this experiment are as shown in Figure 5.12 and 5.13. DMP showed a 
constant degradation with time throughout the reaction in the presence of other PW 
constituents. About 94% DMP removal was recorded after 4 hours, while H2O2 recorded 
47% loss, which corresponds to 188 mg/L of H2O2 in absolute terms. There was gradual 
loss of H2O2 evident in the gentle slope in Figure 5.12, which suggests that the loss of 
DMP was enabled by the decomposition of H2O2, which released OH radical for the 
oxidation process.  
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Figure 5.13: Initial and Final COD of produced water, Initial H2O2 concentration 400 ppm, Initial 
DMP concentration 25 mg/L, 200 mL reaction volume, 10 g catalyst while reaction time 4 h at 
pH3 and 25±1 oC 
 
The initial and final COD for this reaction were 763 mg/L and 653 mg/L respectively after 
120 min, which represents only about 14.42% reduction in COD.  The total theoretical 
COD (ThOD) of 25 mg/L DMP (65.5mg/L) accounts for 5% of total theoretical COD of 
1291.5 mg/L (Table 5.11). Therefore, 94% DMP removal means 61.57 mg/L COD 
resulting from DMP was clearly removed by 400 mg/L H2O2 after 2 h. The remaining 
48.48 mg/L COD (judging from the difference between the initial and final COD of the 
reaction) was likely due to the loss of BTEX and the aliphatic hydrocarbon compounds.  
The reason for the slow loss of COD could be due to the limiting of H2O2 on one hand 
and refractory compounds present in the system such as acetic acid. The concentration 
of acetic acid in the reaction system was 525 mg/L, which corresponds to a ThOD 560 
mg/L of recalcitrant COD determined as shown:  
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CH3COOH + 2O2 → 2CO2 + 2H2O                                                                                      … (5.30) 
525 mg/L CH3COOH = 8.75 mM/L (RMM of CH3COOH is 60) 
1 mole of CH3COOH requires 2 moles of O2 for complete mineralization (from equation 
5.30), 
∴ mg/L of O2 for mineralization of 8.75Mm/L CH3COOH = 2 X 8.75 X 32 mg/L = 560 mg/L 
COD. 
Other compounds that contributed to COD in the catalytic degradation of synthetic 
produced water and their corresponding ThOD contribution are presented in Table 5.11. 
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Table 5.11: ThOD values from possible COD contributing compounds in the synthetic produced 
water used for batch reactions 
Compound RMM 
(g/mol) 
Conc. 
(mg/L) 
Conc. 
(mmol/L) 
Moles of O2 
required for 
mineralization 
of 1 mole of 
compound 
COD(mg/L) 
3,5-DMP 122 25 0.205 10.0 65.5 
Benzene 78  0.112 7.5 26.9 
Toluene 92 0.095 9.0 27.4 
Ethyl xylene 106 0.083 10.5 27.9 
Xylene 106 0.083 10.5 27.9 
n-Hexadecane 226 80 0.354 24.5 277.5 
Tridecane 184 80 0.435 20.0 278.4 
Acetic acid 60 500 8.333 2.0 560 
                                                                               Total theoretical COD 1291.5 
  
The COD for the continuous flow experiments was also determined in a similar fashion, 
based on concentrations of constituents show in section 5.4.4, Table 5.5. Initial COD was 
sampled and measured before introducing the catalyst into the reaction system.  
The difference between the initial measured COD and initial ThOD was 318.5 mg/L.  The 
reason for this has already been discussed in section 5.7.1.3. In addition to the extremely 
poor return on COD for aliphatic hydrocarbons (~ 3%), there are several other factors, 
including loss of some constituents due to volatilization as shown by control 
experiments in Table 5.8.  
35 
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According to Jenkins et al., (1973), straight chain organic acids are unlikely to be 
completely oxidized in the COD test even in the presence of a catalyst (usually silver 
sulphate) in addition, volatile organic compounds can only be oxidized if they are in 
solution (Eaton et al., 1995). Besides this, Wolff (1975) believes that the exothermic 
reaction which takes place between the strong acid and the volatile organic compound 
can displace them from the test solution (made up of potassium dichromate, 
concentrated sulphuric acid and a catalyst- silver sulphate). It is therefore almost 
impossible to have COD/ ThOD = 1 in the present system due to the presence of these 
class of compounds. Parker (1999), indicated that the effects are stronger in solutions 
with ThOD of less than 50mg/L. Hence, it is still possible to have a sense of the strength 
of the effluent solution using COD.   
5.7.3 Effect of 1000ppm H2O2 on the Degradation of PW   
Figure 5.14 shows the effect of increasing H2O2 dosing from 400 to 1000mg/L for 4 hours 
of produced water catalysis in batch mode on the loss of DMP and H2O2, while 5.15 
shows the effect on COD. There was similar rates and percentage of loss of DMP as for 
400mg/L initial H2O2 concentration, while the total loss of H2O2 in 4 h was 23.7%, which 
translates to about 237 mg/L total H2O2 in four hours. i.e. about 37 mg/L more loss of 
H2O2 when more H2O2 was used, which suggests that H2O2 could be limiting at 400 mg/L 
with respect to COD removal. 
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Figure 5.14: loss of DMP and H2O2 and COD. Initial H2O2 concentration of 1000 ppm, 25 mg/L 
DMP 200 mL reaction volume, 10 g catalyst at pH3, at 25 oC, for 4 h. Other constituents are as 
shown in Table 5.5. 
 
 
 
Figure 5.15: loss of COD in the experiments reported in Figure 5.14. Initial H2O2 concentration 
of 1000mg/L, 25 mg/L 3,5-DMP 200 mL reaction volume, 10 g catalyst at pH3, at 25 oC, for 4 h. 
Other constituents are as shown in Table 5.5. 
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There was 30.1% loss of COD and > 90% loss of DMP as shown in Figures 5.15 and 5.14 
respectively. Figure 5.14 also shows a H2O2 loss of 20% which corresponds to 200 mg/L 
H2O2 (slightly more than the loss recorded when 400 mg/L H2O2 was used), which 
suggests that H2O2 was limiting with respect to COD reduction in the previous system. 
This assessment is supported by the increased loss of COD with increase in H2O2 to 1000 
ppm, leading to more than 30% loss of COD, compared to 14.48% loss reported for 400 
ppm H2O2 (Figure 5.13). This observation is corroborated by Collivignarelli et al., (2017). 
They reported an enhanced COD removal from 60% to 70% with increase in H2O2/CODo 
ratio from 1/4 to 1/2 in a UV- enhanced homogeneous Fenton catalysis of wastewater 
from pharmaceutical and surfactants manufacturing process. A further 3/4 increase in 
H2O2/CODo ratio had no influence in their process.  
The increase in the loss of COD with increase in H2O2 observed in the present study is 
likely due to increased diffusion/contact between H2O2 and the catalyst, leading to 
increased breakdown of H2O2, which results in more OH radical for substrates 
degradation. According to USP Technologies, (2016), the extra peroxide helps to push 
the oxidation process further down the oxidation chain as a result of the build-up 
recalcitrant intermediates.  
5.7.4  5.7.3 Effect of 2000 ppm H2O2 on the Degradation of PW 
A further increase in the concentration H2O2 from 1000 ppm to 2000 ppm (which was 
about the stoichiometric requirement for the complete oxidation of produced water), 
yielded further loss of the COD and DMP as shown in Figure 5.17 and 5.16. Based on the 
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initial COD value of 752 mg/L, the H2O2 requirement for the complete mineralization in 
this reaction was calculated as follows; 
                                   2H2O2 → 2H2O + O2                                                                       … (5.31) 
From equation 5.31, two moles of H2O2 are required for each mole of O2.  Therefore, the 
amount of O2 (moles) required for the measured COD is given as: 
moles of O2 required = 
𝐶𝑂𝐷 (𝑚𝑔/𝐿)
𝑀𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑂2 (𝑔/𝑚𝑜𝑙) 
 
766
32
= 23.94 
This indicates that the complete mineralization of synthetic produced water with 
measurable COD of about 766 mg/L, requires 23.94 moles of O2  
From equation 5.31, 2 moles of H2O2 are required for each mole of O2. Hence; 
Concentration of H2O2 = 2 * 23.94 * 34 = 1627.92 mg/L H2O2 
This suggests that a further increase in H2O2 beyond 1000 ppm was theoretically 
required for complete mineralization of this PW. However, it is obvious from Tables 5.8 
and 5.11 that the measured COD is not a true representation of the actual COD, due to 
poor return on COD for aliphatic compound (about 5% of ThOD) and the volatile 
aromatic fraction. As a result, an increase to 2000 ppm H2O2 was made. The results of 
this experiment has been presented in Figure 5.16. 
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Figure 5.16: Decomposition of synthetic produced water showing loss of DMP and H2O2. Initial 
H2O2 concentration of 2000 ppm, DMP 25 mg/L, 10 g of catalyst, pH3, 200 mL reaction volume 
and reaction 4 h reaction time.  
 
There was 15.9% loss of H2O2 (318 mg/L in absolute terms) after 4 h of reaction i.e. 
81mg/L more degradation of H2O2 than when 1000 mg/L H2O2 was used, as shown in 
Figure 5.14. There was a total COD removal of 267 mg/L, which is about 35.5% removal 
in 4 h. This further increase in H2O2 resulted in about 5% more reduction on COD 
(compared to 1000 ppm H2O2) which is not a significant additional effect on COD 
reduction. 
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Figure 5.17: loss of COD in the experiments reported in Figure 5.16. Initial H2O2 concentration 
of 2000 mg/L, 25 mg/L DMP, 200 mL reaction volume, 10 g catalyst at pH3, at 25 oC, for 4 h. 
Other constituents are as shown in Table 5.5. 
 
The loss of DMP was similar in all three systems (400, 1000 and 2000 ppm H2O2), 
averaging about 94% loss after 4 h.   This has to do with diffusivity of H2O2 in the reaction 
system and the availability of catalyst active sites. However, excess H2O2 can possibly 
result in radical scavenging of •OH by H2O2 according to equation 5.30. 
The concentration of both DMP and oils (Figure 5.18A and 5.18B) were found to have 
also reduced with reduction in the COD. Bar charts have been used to represent the 
initial and final concentration of COD, OIW and DMP in Figures 5.18A and 5.18B 
respectively.  
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Figure 5.18A: Initial concentrations of COD, OIW and DMP in simulated PW sample, while 5.18B shows the concentrations of COD, OIW, DMP and 
Desorbed oil from the mesh after reaction. Experimental condition: 400, 1000 and 2000 ppm H2O2, 10 g catalyst, pH3, temp 25 oC±1, reactions 
duration t= 240 min. 
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The loss of OIW showed slight variation between 1000 and 2000 ppm H2O2. For 400 mg/L 
H2O2 OIW concentration decreased from 155 mg/L to 52 mg/L however, this was mostly 
due to sorption on the mesh. It decreased from 155 mg/L to 22 mg/L in solution when 
the initial concentration of H2O2 was 1000 ppm and to 14 mg/L in solution when the 
initial concentration of H2O2 was 2000 ppm. In both these cases, about half the initial 
concentration of OIW was removed due to sorption on the mesh. Thus increasing H2O2 
concentration from 400 to 2000 ppm significantly reduced OIW concentration in 
solution phase.  
5.7.5 Effects of competing Inorganic Anions (Bicarbonates and Chlorides ions) 
Produced water with and without chlorides was catalysed. The results of the 
experiments are presented in Figure 5.19. The results indicate that chlorides had a 
greater influence on the loss of DMP in the reaction compared to bicarbonates, which 
could have been due to the differences in their respective concentrations (chloride had 
higher concentration) in the solution in addition to their respective rate constants in 
reactions with •OH shown in equations 5.32 and 5.33.  
These side reactions fall under the category of competing non-productive reactions 
(Siegrist et al., 2011). Collectively and independently, both ions slowed down the rate of 
loss of DMP in the reaction as shown in Figure 5.19 below. The reduction of DMP by 50% 
took about 30 minutes in the absence of bicarbonates and chloride ions, while 50% 
reduction in the presence of bicarbonates and chloride ions took 90 min. The reaction 
of •OH with aqueous bicarbonate species results in the formation of a bicarbonate 
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radical according to equation 5.32, which is thought to have much lower reactivity and 
tendency to degrade the substrate than •OH.  
Chloride ion on the other hand, is found to have much more severe effects on hydrogen 
peroxide systems, especially those catalysed by iron III catalyst (De Laat et al,. 2004 in 
Siegrist et al., 2011). This is thought to occur by scavenging reactions (Yu and Baker 2003 
in Siegrist et al., 2011) leading to less reactive radicals (equations 5.33 to 5.35) and the 
complexation of catalyst mineral sites. Under certain reaction conditions (low pH and 
high chloride concentration - > 1000mg/L), the formation of dichloride radical is possible 
through a series of propagation reactions. This radical has very high reaction rates with 
other chloride species, which can form chlorine gas, leading to possible halogenation of 
organic substrates, (Pignatello, 1992; Laat et al., 2004) that may be recalcitrant. Yuan et 
al., (2011) also reported that chloride ion showed greater scavenging effect than 
bicarbonate ions. 
HCO3- +•OH → HCO•3 + OH-                 k = 8.5x106 M-1 S-1                                         … (5.32) 
•OH + Cl-  ↔ ClOH• -                       k = 4.3x109  M-1 S-1                                         … (5.33) 
ClOH• - + H+   ↔ Cl• + H2O             k = 3.2x1010  M-1 S-1                                       … (5.34) 
Cl•  + Cl-  ↔ Cl2• -                                 k = 7.8x109  M-1 S-1                                                     … (5.35) 
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Figure 5.19: Effect of chlorides and bicarbonate ions on the loss of DMP in PW, in batch reaction. 
10 g catalyst, 25 mg/L DMP, pH3, 1996 mg/L NaCl as chloride, 200 mg/L NaHCO3 as bicarbonate, 
200 mL reaction volume 25±1 oC. 
 
5.8 Results and discussion for continuous flow experiments 
The results and discussions for the continuous flow experiment studies is presented 
below. The mesh to liquor ratio for the continuous flow experiments was 1: 5 (180 g : 
900 mL), that is, 180 g of catalyst in 900 mL of reaction volume. 
5.8.1 Material Balance in Rotating Disc Reactor 
This presents a wide range of possible issues or problems to be articulated and solved, 
and methodically accounts for every material or mass of compounds that has passed 
through the treatment system.  
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To compute the material balance of the reacting system, oxidizable aromatics and 
aliphatics were the focus. In assessing the total organics entering the reaction, only the 
measurable components determined at the point of entry into the reactor were 
considered owing to loss of compounds through sorption on the tubing walls, and the 
loss of volatile components due to stirring of the effluent feed (Libra 1991). This was 
factored into the makeup of the mock produced water and has been explained 
previously in section 5.4.5.1 and presented in Table 5.5. 
Structural formulae of aliphatic hydrocarbon compounds and BTEX and DMP are shown 
in Figures 5.20 to 5.26, for tridecane, n-hexadecane, benzene, toluene, ethyl benzene 
and xylene and DMP respectively 
 
Figure 5.20:  Chemical formula of tridecane 
 
 
Figure 5.21: Chemical formula of n-hexadecane 
 
                                                                                                                      
  Figure 5.22: Benzene                              Figure 5.23: Toluene              Figure 5.24: Ethyl Benzene 
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  Figure 5.25: 0rtho Xylene                                           Figure 5.26: 3,5-DMP 
 
a) To calculate the mass of DMP passed through the reactor for example;  
              Total initial [DMP] of 2 5 mg/L flowed @ 3.73 mL/min, for 42480 min. 
Hence 42480 min @ 3.73 = 42480*3.73 = 158450.4 mL, = 158.45 L 
Therefore, total mass of DMP fed into reactor over 42480 min = 25mg *158.45 =    
3961.25 mg of DMP. 
b) To calculate the mass of aliphatic hydrocarbons (tridecane and hexadecane) 
passed through treatment system, weighted average concentration was used 
because the concentrations delivered into the reaction system varied between 
0.5 and 27 mg/L due mainly to their hydrophobicity i.e. sorption on walls of 
tubing and poor solubility in water.  
 
Weighted average (W.A), given as: 
W. A =
(Measured conc∗Duration (hours))+(measured conc∗Duration (hours))+⋯ 
sum of hours
  ..               (5.36) 
Total days of treatment process was 29 days and 12 h 
Using Microsoft excel 2016 for computation we have that: 
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W.A = 
([𝑎𝑙𝑖𝑝ℎ𝑎𝑡𝑖𝑐 𝑎𝑡 𝑡1]∗𝑡1(ℎ𝑟𝑠)+[𝑎𝑙𝑖𝑝ℎ𝑎𝑡𝑖𝑐 𝑎𝑡 𝑡2]∗𝑡2(ℎ𝑟𝑠 )…..
(𝑡1+𝑡2)…..
                                  (5.37) 
Where t1 and t2 are the times samples were taken and measured (in hours) 
∴ W.A concentration of aliphatics received by reactor = 4492.82/708 = 6.35 mg/L 
c) The procedure was repeated for the calculation of BTEX concentration. Results 
are as presented in Table 5.12. 
d) To calculate the % remove, the amount desorbed of respective compounds from 
wheels (Table 5.12) was subtracted from the sum of the respective measured 
residual compounds after treatment and applied as follows:  
% 𝑟𝑒𝑚𝑜𝑣𝑒𝑑 =  
𝑡𝑜𝑡𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑑 𝑖𝑛 𝑟𝑒𝑎𝑐𝑡𝑜𝑟 –  𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑎𝑓𝑡𝑒𝑟 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡
𝑡𝑜𝑡𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑑 𝑏𝑦 𝑟𝑒𝑎𝑐𝑡𝑜𝑟
 
× 100 
Where Residual after Treatment is: 
= measured residual after treatment + amount desorbed from catalyst after treatment 
 
Table 5.12: Total oxidizable materials received by treatment system during experiment 
Compounds  Avg. Conc. 
(mg/L) 
Flow rate 
(mL/min) 
Duration 
(mins) 
Total 
Volume 
(mL) 
Total mass 
(mg) 
% 
Removed 
DMP 25.00 3.73 42,480 158450.4 3961.3 99.04 
Aliphatics 6.35 3.73 42,480 158450.4 1006.2 95.28 
BTEX 36.77 3.73 42,480 158450.4 5826.2 94.77 
Total Oxidizable Organics Received in Treatment System 10793.7  
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5.8.2 Procedure for Desorption Organic Substrates after Treatment Using Warm 
Water at 40 oC 
The first step involved determination of the percentage recovery of the process, by 
desorbing known concentrations of the hydrocarbon compounds in Table 5.12 above 
using warm water. This was done for DMP (measured as DMP concentration using HPLC) 
and then for aliphatics and BTEX (both measured together as OIW). To desorb aliphatics 
from wheels, 900 mL of warm water was transferred into the reactor and the wheels 
were rotated for 10 min. The water was then collected into a 1 L glass sample bottle.  
This procedure was repeated three times and on each occasion, the effluent was 
collected in 1 L sample bottle. Each 1 L bottle of effluent was then extracted as per 
section 5.4.5.2 and the extract analysed as per procedure in section 5.4.5.4 using the 
triple peak OIW analytical method. The results for aliphatic constituents is presented in 
Table 5.13 below. 
Table 5.13: Desorbed organics from wheels using warm water at 40 oC 
Compound Conc A 
(mg/L) 
Conc B (mg/L) Conc C (mg/L) Total (mg) 
Aliphatics 7.2 4.0 1.4 12.6 
DMP 4.5 1.8 ND 6.3 
BTEX 73 38 ND 111.0 
*ND= Not detected 
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Percentage recovery for oxidizable organic compounds: 
The percentage recovery for all oxidizable organic compounds in produced water was 
examined. For aliphatics, 50 mg/L mixed standard of n-hexadecane and tridecane and 
10 g of catalyst was used.  
% 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 =  
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑎𝑙𝑖𝑝ℎ𝑎𝑡𝑖𝑐𝑠 (𝑚𝑔/𝐿) 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑 𝑎𝑛𝑑 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
𝑎𝑚𝑜𝑢𝑛𝑡 𝑖𝑛 𝑚𝑔/𝐿 𝑜𝑓 𝑎𝑙𝑖𝑝ℎ𝑎𝑡𝑖𝑐 𝑖𝑛 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛
 × 100 
=
19
50
 × 100 = 38% 
The percentage recovery for DMP and BTEX was calculated using the same method 
above to be 89 and 72% respectively. 
The use of surfactants for the desorption was successful for the removal of the oils from 
the catalyst; however the extraction of the oils from the surfactants was not successful. 
The oils were well mixed with the surfactants and separation was not possible as shown 
on Figure 5.27.  
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Figure 5.27: The use of Surfactant for desorption of oil from catalyst. 
5.8.3 Procedure for the Determination of Total Mass of Materials left after 
Treatment 
The total mass of materials left after treatment were determined at the end of the 
experiments i.e 29.5 days according to section 5.6.3. In addition to aliphatics and 
aromatic hydrocarbons, DMP was also determined from the desorbed oil in water 
solution before extraction of aromatics and BTEX from catalyst mesh. The results are 
presented in Table 5.14 below. 
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Table 5.14: Total recovered oxidizable materials on catalyst after experiment 
Compound Desorbed from 
catalyst (mg) 
Amount desorbed  
DMP 6.3 7.07 
Aliphatics 12.6 33.16 
BTEX 111.0 154.16 
Total oxidizable materials left as 
residue on catalyst after treatment  
124.05 194.36 
 
The percentage removed is subjective due to loss through volatilization and the 
desorption procedure for aliphatics using warm water. The percentage recovery of 
aliphatics desorption using warm water (at 40 oC) was 38%.  
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5.8.4 Catalyst Activity 
The activity of a catalyst is a measure of the speed of the various reactions happening in 
the presence of the catalyst (Hagen, 2006).  Different parameters are often used to 
assess the activity of catalysts. These include; the kinetic data analysis (reaction rates), 
the Turnover Number (TON), Space Velocity, Space Time Yield (STY), Turnover 
Frequency (TOF), temperature of reactions, etc. The data obtained from material 
balance determination, is useful in appraisal of catalyst activity.   
The use of turnover number (TON) as a parameter for measuring the activity of a catalyst 
for homogeneous systems is well established and straightforward. In that case, the 
catalyst molecules are well defined and present in solution. This approach for 
heterogeneous catalysis has been hugely criticised owing to the difficulty associated 
with determining activity on a non-uniform structure (Hagen, 2006). The catalytic 
activity in heterogeneous systems is generally thought to depend on the area of the 
surface, however, the dispersion of the reactive surface on the catalyst is probably 
uneven. Measurements of active sites per unit mass or volume of heterogeneous 
catalysts are possible but not very dependable.  The use of temperature has also been 
used for catalyst activity measurement, where the best catalyst is the one which gives 
the best conversion rate at the lowest temperature (Hagen, 2006). This has however 
been criticised as well because different reactions and by extension catalysts have 
different optimum conditions for conversion of substrates.  The turnover number (TON), 
more correctly called turnover frequency or rate has been successfully used for 
assessing the activity of heterogeneous catalysts in the synthesis of ammonia on iron 
(Boudart, 1985).  
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5.8.4.1 Turnover Frequency 
Turnover frequency (TOF) is a quantitative measure of the number of molecules 
converted in a given reaction, per unit time per catalytic reactive site under specific 
reaction conditions (Boudart, 1985; Hagen, 2006). TOF serves to compare catalyst 
performance, to assess structural sensitivity, etc. To determine catalytic activity for the 
catalyst used for this study, all constituents converted in this study were put into 
consideration by introducing the chemical oxygen demand (COD) parameter in TOF 
analysis. This accounts for all converted constituents including oxidation intermediates, 
which are often, ignored in catalyst activity determinations using TOF.  
COD is equivalent to the moles of oxygen converted to form products. Thus, the total 
COD input to the reactor is the whole area of the curve (Figure 5.28) for a plot of inlet 
COD versus volume (litres), while the moles of oxygen used, which is equal to the COD 
removed is the area under the COD dynamic curve, (Figure 5.29) in a plot of residual 
COD versus volume (litres).  The shaded areas in both curves in Figures 5.28 and 5.29 
represent the total input COD fed into reactor and the COD removed (converted) 
respectively were determined using the trapezium rule (the sum total of the trapezoids) 
in Microsoft Excel Spreadsheet, given by; 
A =
1
2
(𝑎 + 𝑏)ℎ                                                                      … (5.38) 
Where A is area of the individual trapezoids, a and b are the parallel sides (concentration 
of COD in mg/L), and h height (volume in liters). Using Microsoft Excel, we have 8924.79 
mg/L as the total area below the curve (the shaded area in Figure 5.28), which is equal 
to the COD input into the reactor during the continuous flow reaction. 
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Figure 5.28: Total area of the curve representing the total COD fed into the reaction system 
during the whole treatment process. 
 
 
Figure 5.29: Area below the dynamic curve for COD conversion in produced water continuous 
flow experiments. Catalyst load 180 g, reactor volume 900 mL, H2O2 1000 ppm, pH3 at room 
temperature 
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COD converted is equivalent to total O2 used up, which equal to area below the curve in 
Figure 5.29. 
To get the area above the curve, we subtract the area below the curve from the total 
area of the curve representing the COD fed into reactor during the period. 
Therefore:  
Area of the whole curve i.e. total COD fed into reactor (Figure 5.28) was 72274.08 mg 
Area below the curve i.e. COD converted (Figure 5.29) was 8924.79 mg 
∴ Unconverted COD = Total area – Area below the curve  
                                           = (72274.08 - 8924.79) =63349.29 mg 
∴  From 8924.79 mg O2 used (in moles) from total effluent volume of 159.45 L; 
Moles of O2 =𝐶𝑜𝑛𝑐 (𝑔𝐿−1) ∗ 𝑉𝑜𝑙𝑢𝑚𝑒(𝐿)/𝑀𝑊(𝑔𝑚𝑜𝑙−1)   
i.e, moles of O2 = 8924.79 X 159.45/32 = 44345.05 mM = 44.34 mol. 
TOF = 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑒𝑑 
𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝐹𝑒 𝑝𝑒𝑟 𝑔𝑟𝑎𝑚 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 × 𝑚𝑎𝑠𝑠  𝑜𝑓 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 x 𝑡𝑖𝑚𝑒  
=
1
𝑡
=  𝑡−1                     … (5.39)  
 
The calculated TOF was 0.00079 hr-1 from equation (5.39). This has been presented on 
Table 5.15. 
Table 5.15: Dynamic study data used for the determination of Turnover Frequency 
Moles of O2 
Converted 
 
 (M) 
[Fe] Per gram 
of PAN catalyst 
 (mMol) 
Total volume 
of Solution 
 
(L) 
Mass of 
Catalyst 
  
(g) 
Duration  
 
 
(hrs) 
TOF 
 
 
(hr-1) 
44.34 0.435 159.45 180 708 7.9X10-4 
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Industry values for TOF usually range between 0.01 to 100 s-1 (Hagen, 2006) , suggesting 
that the value of 7.9X10-4 hr-1 is low when compared to industrial scale catalytic 
processes. However, considering that this is COD conversion, which describes the extent 
towards mineralization, not just degradation of initial substrate, it includes the 
contribution of 525 mg/L of acetic acid (AA) which is recalcitrant to COD reduction 
(Bradford et al., 2003; Coste et al., 2003) and which contributes more than half the total 
COD in the system. If the COD of acetic acid is taken out then the COD conversion would 
be a lot better and TOF would improve. The absolute COD removal for the continuous 
flow experiment for the catalysis of synthetic produced water is as shown in Figure 5.30.  
 
Figure 5.30: Variation of COD in PW water over time in continuous flow reaction system. Flow 
rate 3.75 mL/min, Co [DMP] = 25 mg/L, Co H2O2 = 1000 ppm, Average COD0 = 655 mg/L (without 
acetic acid), catalyst load 180 g, pH3, 900 mL reaction volume, retention time of 240 min, at 
25±3 oC. 
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When acetic acid is present in reaction system, COD range from 326 to 752 mg/L, but 
with a weighted average of 655 mg/L, whereas in the absence of acetic acid, COD was 
between 97 and 236 mg/L. There was an average loss of 65% COD in the absence of 
acetic acid, as acetic acid contributes a ThOD of about 560 mg/L in this PW solution, this 
suggests that it was the acetic acid that was largely responsible for the slow loss of COD. 
Its recalcitrance and resistance to oxidation is thought to be due to the difficulty to 
oxidize the methyl group in the α-position (Figure 5.31) to a carboxylate group (Centi et 
al., 2000). It was observed that the produced water solution became weaker when left 
to stir over long periods, and this is obvious after 500 minutes of reaction (Figure 5.30). 
This observed solution weakness (diminished COD) is likely due to loss of volatile 
hydrocarbon components into head space as the solution was left to stir over long 
periods.  
 
 
Figure 5.31: Structural formula of acetic acid showing methyl group circled in orange 
 
Organic acids are generally thought to constitute part of what has been termed 
refractory COD (Bradford et al., 2003; Coste et al., 2003). Figure 5.32 below shows the 
oxidability scale of some organic compounds under wet air chemical oxidation which is 
considered a severe reaction treatment with harsh conditions. This is an indication of 
the recalcitrance of acetic acid in particular. Confirming this, Centi et al., (2000), carried 
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out a Fenton-like oxidation of acetic, formic and propionic acid under the same 
conditions and concentrations and found that while only 22% of acetic acid was 
removed after 4 h, about 60% of formic acid was removed over the same time, and 80% 
removal of propionic acid respectively. In that study, they were able to correlate leached 
iron with the reaction temperature, as increased temperature, resulted in increased in 
leached iron.  
  
 
Figure 5.32: Oxidability scale of some organic compounds under wet air chemical oxidation 
where 0.0 is considered unoxidizable and 1, very oxidizable (Debellefontaine et al., 1996) 
 
Cihanoglu et al., (2015), did previous work on the application of heterogeneous Fenton 
catalysis for the degradation of acetic acid. They used Fenton–like oxidation over iron 
containing ZMS-5 zeolite at pH4. The Fe2+ used for the study was prevented from further 
oxidation, by reacting it with HCl in the presence of inert nitrogen. They worked with 
relatively small concentrations of 10, 25, 75 to 100 and 125 mg/L acetic acid, and 
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temperatures of about 30 to 60 oC, (303 K to 333 K).  They recorded the highest COD loss 
of 73.2% at the lowest initial acetic acid concentration of 10 mg/L and 60 oC, after 2 
hours, while the lowest COD loss of 34.9% was achieved at 100 mg/L concentration 
acetic acid using 60 oC after 2 h.  They concluded that COD reduction decreased with 
increase in concentration of acetic acid and increased with increase in temperature of 
reaction.  
In the present study, a longer retention time and increased concentration of H2O2 has 
proven successful for more efficient COD removal. Under similar reaction conditions, 
but with 4-fold increase in the mesh to liquor ratio in the batch mode, the COD removal 
in batch mode was better than in the continuous flow mode. The mesh to liquor ratio in 
the batch experiments was 1: 20 (10 g : 200 mL), while the continuous flow was 1:5 (180 
g : 900 mL) Separation of refractory compounds such as mineral acids is a useful pre-
treatment step in some treatment processes (Gulyas, 1997).  
The COD removal became poorer with time especially after 600 h in Figure 5.30 and this 
ties with the tailing of the reduction in DMP after 600 h (Figure 5.33 below), suggesting 
a reduction in catalyst activity after 600 h.  
In terms of statutory discharge limits, although the contributors to COD are monitored 
biannually in UK, the COD itself is not a direct regulatory requirement (DECC 2011). In 
China, COD for produced water discharge limit is 100 mg/L (Fakhru’l-Razi et al., 2009), 
while in Nigeria, the inland and nearshore discharge limits are 10 and 125 mg/L 
respectively, however there is no regulation or guidance for offshore COD discharge 
limit (EGASPIN 2000).  
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5.8.5 Catalytic conversion of DMP in PW in Continuous Flow Treatment System 
The loss of DMP in PW was independent of the presence of other constituents of the 
PW solution as presented in Figure 5.33. There was > 98% conversion of DMP in PW 
during the first week of the treatment process. Overall, there was an average of about 
90% DMP removal and a total of 3961.3 mg of DMP was removed from a total volume 
of 158.45 L after 708 h. 
 
  
Figure 5.33: Variation of DMP in PW water over time in continuous flow reaction system. Flow 
rate 3.75 mL/min, Co DMP = 25 mg/L, Co H2O2 = 1000 ppm, catalyst load 180 g, pH3, 900 mL 
reaction volume, retention time of 240 min, at 25±2 oC 
 
5.8.6 Catalytic Removal of OIW in PW in Continuous Flow Treatment System 
The results of the variation of OIW concentration with time in the continuous flow 
process in the degradation of produced water is as shown in Figure 5.34a. There was a 
slight improvement in the removal of OIW in the absence of acetic acid, which also 
suggest a possible competition by recalcitrant organic acids in the oxidation of the oils. 
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The OIW inlet concentration was highly variable over time as seen in Figure 5.34a and 
this is likely due to the dispersive nature of most of the PW constituents. This is 
especially so for the aliphatic fraction. They are very insoluble in water and this results 
in non-uniform lifting of these constituents by the pump, in addition to some being 
adsorbed on the walls of the tubing material. 
 
 
Figure 5.34a: Variation of OIW in PW water over time in continuous flow reaction system. Flow 
rate 3.75 mL/min, Co DMP 25 mg/L, Co H2O2 = 1000 ppm, catalyst load 180 g, pH3, 900 mL 
reaction volume, retention time of 240 min, at 25±2 oC. 
 
Overall, compared to statutory discharge limits of 30 mg/L for OIW (EPA 2016; GPO 
2016; EGASPIN 2000), the results were within acceptable discharge band, except for two 
out- layers at 270 and 480 h. There was more than 50% average removal of OIW in 
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evident from the desorbed oils after the treatment process (using warm water), as 
saturation of the catalyst discs by absorbed oils happens within the first few hours. This 
was observed in the preliminary sorption studies presented in Figure 5.34b below, which 
shows maximum sorption within 30 min.  The presence of high concentrations of acetic 
acid on the surface of the catalyst is capable of catalyst poisoning or choking and could 
be responsible for this drop in oil removal.  
 
Figure 5.34b: Adsorption of produced water using 1 g of catalyst at pH3 and 5, in the absence of 
H2O2 
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5.8.7  Leached Iron from Catalyst 
To investigate the possible cause of reduction in catalyst activity, evident from the tailing 
of COD reduction and the apparent decrease in the extent of removal of DMP, the 
amount of iron leached from the catalyst in the continuous flow studies was 
investigated. The results have been presented in Figure 5.35.  
 
Figure 5.35: Average daily concentration of leached iron in produced water continuous flow 
experiments. Catalyst load 180 g, reactor volume 900 mL, H2O2 1000 ppm, pH3 at room 
temperature and 240 min retention time.  
 
The maximum amount of iron leached in any one day was 22.15 mg/L, which was almost 
half way through the whole continuous flow treatment. A minimum leached Fe 
concentration of 4.3 mg/L was recorded at the end of the treatment process when 
catalyst was considered going towards deactivation. 
The total leached iron from the catalyst, equal to the area under the dynamic curve 
(Figure 5.36), was 1868.33 mg (Table 5.16).  It was determined by applying the trapezium 
rule; the sum of the areas of the trapezoids according to equation (5.38) using Microsoft 
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Excel 2013, using a plot of absolute concentrations versus volume in Liters. The results 
are presented in Table 5.16. 
 
Figure 5.36: Iron leached during continuous flow experiments in the catalysis of produced 
water. Catalyst load 180 g, reactor volume 900 mL, H2O2 1000 ppm, pH3, at room temperature, 
flow rate of 3.75 mL/min. 
 
The results show that, almost half of the Fe on the catalyst (42.72%) had leached from 
the catalyst in almost 30 days. Therefore, the reduced catalytic activity could have been 
due to the loss of Fe through leaching. According to Hagen, (2006), due to competing 
reactions, catalysts undergo chemical changes, resulting to slower activity, which leads 
to “catalyst deactivation”. 
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Table 5.16: Parameters used for amount of Fe leached from catalyst 
Total amount 
of catalyst on 
discs 
 
(g) 
Fe per gram 
of PAN 
catalyst 
 
(mMol/g) 
Total Iron on 
catalyst in 
reactor 
 
 
(mg) 
Total Fe 
leached from 
catalyst 
 
  (mg) 
Fe left on 
catalyst after 
experiment 
 
(mg) 
Fe loss 
 
 
 
 
(%) 
180 0.435 4373.06 1868.33 2504.73 42.72 
 
Catalyst deactivation has been described as the loss of selectivity and/or catalytic 
activity over time, where activity is the reaction rate at time t, compared to reaction rate 
at time t0 (Argyle and Bartholomew, 2015; Denny and Twigg, 1980; Bartholomew, 1984). 
As evident from the results of iron leachate in relation to catalytic activity with respect 
to the rate of loss of COD, DMP and OIW, there is an indication of loss of catalytic activity 
with respect to COD and DMP, however, the rate of loss of OIW remained steady. 
Although sorption of OIW cannot be ruled out, loss of activity may not be due to loss of 
iron from the catalyst. In many processes, deactivation is inevitable and there are 
several possibilities and processes that can lead to heterogeneous catalyst deactivation 
(Argyle and Bartholomew, 2015; Hughes, 1984). Although not all of them apply in this 
case. These include; 
a. Poisoning by contaminants in feed 
b. Conversion of active catalytic constituents into non-reactive complexes 
c. Thermal deactivation due to high reaction temperatures leading to collapse of 
support (which does not apply in this case) 
d. Leaching and or transport from catalyst surface 
Degradation of Synthetic Produced Water in Continuous flow reaction                                              E U Ushie 
249 
 
e. Abrasion or crushing (not applicable in this case) 
These have been summarized by Argyle and Bartholomew, (2015) in Table 5.17 below. 
 
Table 5.17: Mechanisms of catalyst deactivation. Reproduced from Argyle and Bartholomew 
(2015) 
Mechanism Type Description 
Poisoning Chemical 
Strong chemisorption of species on catalytic sites 
which block sites for catalytic reactions 
                                                                               block sites for catalytic reaction                                                
Fouling Mechanical 
Physical deposition of species from fluid phase onto 
the catalytic surface and in catalyst pores. 
                                                                               catalytic surface and in catalyst pores                                       Thermal degradation  
sintering (NA) 
Thermal 
Thermal/chemica
l 
Thermally induced loss of catalytic surface 
area, support area, and active phase-support 
reactions 
Vapour formation (NA) Chemical 
Re ti  of gas with catalyst phase to 
produce volatile compound 
Vapour–solid and 
solid–solid reactions 
Chemical 
Reaction of vapour, support, or promoter 
with catalytic phase to produce inactive 
phase 
 
Abrasion/crushing (NA) 
 
Mechanical 
Loss of catalytic material due to abrasion; loss 
of internal surface area due to mechanical-
induced crushing of the catalyst particle 
*NA means not applicable 
A combination of these causes or factors are possible for deactivation to occur, it is 
however not very  clear which factor(s) is/are responsible for the loss of catalytic activity 
in the present case. Reactivation or regeneration from poisoning or fouling has been 
successfully done by treating this catalysis with a moderate dose of oxidant, in the region 
of 5 to 10 g/L H2O2 (Asuelimen, 2015). However, poisoned catalysts are difficult and most 
times impossible to regenerate. Argyle and Bartholomew, (2015) recommended the 
following interventions for loss of catalytic surface sites due to poisoning (not all apply 
in this case):  
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(1) Purify feed and/or use guard bed to adsorb poison 
(2) Employ additives that selectively adsorb poison 
(3) Choose reaction conditions that lower adsorption strength of poison to the catalyst 
sites 
(4) Optimize pore structure and choose mass transfer regimes that minimize adsorption 
of poison on active sites and  
(5) Apply coating that serves as diffusion barrier to poison. 
It is likely that leached iron (42.72%) could have caused deactivation or loss of catalyst 
activity, in addition to the potential conversion/modification of active catalytic 
constituents into non-reactive complexes. It is not known whether all sites on the 
catalyst surface are active or accessible.  In addition to this, chelation with oxidation 
products such as oxalic acid to active site will also result in catalyst poisoning. 
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5.9 Summary  
The treatment of produced water is essential for the sustainability of the ecosystem in 
both onshore and offshore environments. Several treatment technologies are currently 
being used in the treatment of produced water; however, coupled technologies have 
shown better promise in confronting this challenge.  
In batch studies, increase in H2O2 concentration has not shown a corresponding increase 
in DMP removal and there has not been a commensurate removal of COD (about 5% 
more removal for 100% increase in H2O2).  This is likely to be due to high loading of acetic 
acid in produced water. Acetic acid is refractory and difficult to decompose under 
moderate Fenton conditions. The OIW showed quite remarkable results, with an overall 
average degradation of over 52% and 48% removal by sorption in batch mode as H2O2 
concentration was increased to 2000 ppm and over 50% in continuous flow mode after 
4 h reaction. Further study is required to fully unravel the precise cause of catalyst 
deactivation. 
The next chapter looks at coupling the normal Fenton-like process to a UV/Microwave 
assisted process, to evaluate how the assisted system compares to the unassisted 
Fenton-like process, in terms of extent and duration of treatment.  
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6.1 Introduction 
This chapter looks at the application of UV/microwave assisted Fenton-like oxidation, 
using a novel modified polyacrylonitrile catalyst (PAN) in wastewater treatment as a 
coupled technology. The aim is to improve reaction rates in catalysed Fenton-like 
processes as well as effect degradation of compounds considered recalcitrant to 
traditional Fenton processes. 
6.2  Photochemical Reactions 
The history of photochemical reactions dates back to the early 1800s, with early studies 
pioneered by a German physicist, Theodore Grotthus (Kornblum, 2010). In 1817, he 
found that, for a light radiation to cause a chemical change, the light must be absorbed. 
During his study of the reaction between moist hydrogen and chlorine gas, American 
chemist John William Draper in 1841, found that after a certain inhibition period, the 
intensity of light absorbed is proportional to the rate of reaction, which culminated in 
the first law of photochemistry known as the Grotthuss Draper law (Kornblum, 2010). It 
has been reported that Draper’s studies may have been done in 1801, and those may 
have constituted the first recognised photochemical reaction.  
Further development of quantitative aspects of photochemistry continued a century 
later and were championed by Max Plank and Albert Einstein with studies of quantum 
theory (Kornblum, 2010).  
The quantum theory according to Planck, who is regarded as the founder of the 
quantum theory, states that only a fixed quanta or quantities of light energy can be 
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absorbed by a molecule or an atom and this energy which he called E, is proportional to 
the frequency, f of the light. He gave the energy of a single quantum of light as;  
                                     E = hf                                                                                     ... (6.1) 
 Where h is a proportionality constant called "Planck's constant” (Kornblum, 2010). 
Einstein did further development of this quantum theory and his conclusions led to the 
second law of photochemistry.  
The germicidal effect of sunlight was however first observed by Downes and Blunt, 
(1877) according to them, “we find that the contents of a tube, which remain perfectly 
clear so long as they are freely exposed to the sun's rays, swarm with Bctoteria after 
being deprived of the access of light”. In 1906 however, the large-scale application of 
UV radiation for drinking water disinfection was advanced (Masschelein, 2002). 
Fenton reactions are sustained by the oxidation-reduction interplay between Fe2+ and 
Fe3+ which is aimed at initiating a reaction between Fe2+ and H2O2 leading to the 
formation of a hydroxyl radical responsible for the degradation of organic compounds 
(Pignatello and Huang, 1993). The oxidation of Fe2+ to Fe3+ is known to be more favoured 
in the Fenton reaction process and thus much faster than the reduction of Fe3+. Thus, 
the combination of UV and Fenton process at a radiation wavelength of between 180 
and 400nm leading to the photo-reduction of Fe3+ to Fe2+ will produce additional OH 
radical from water for the reaction system (Pignatello and Huang, 1993). The Fe2+ 
formed can further react with H2O2 in the system to produce more OH radical provided 
there is H2O2 present in the system (Pignatello and Huang, 1993; Wadley and Waite, 
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2004). This redox cycle is expected to speed up the reaction rate with the formation of 
hydroxyl radicals according to equation (6.2); 
                      Fe3+ + H2O + ℎ𝑣 → HO• + Fe2+ + H+.                                                        … (6.2) 
Sun and Pignatello, (1993) have also attributed this increased reaction rate to the 
decomposition of the photo-active Fe(OH)2+ , an iron species which forms between pH 2 
and 4 in most homogeneous catalytic systems when iron (lll) salts are dissolved in water 
and which is the dominant monomeric species in this pH range see equation 6.3. This 
generation of a reactive OH radical from H2O has the potential to realise huge cost 
savings on oxidation reagents as given by equation 6.3 (Machulek Jr. et al., 2012).   
                               Fe3+(OH)2+ + hv → Fe2+ + HO•                                                    … (6.3) 
Burkhard, (2013), listed what he termed “essential criteria” for photo induced reactions 
to occur. According to him, these conditions are; firstly, the molecules in the reaction 
must absorb light. Secondly, the irradiation from the light source must be such that, it is 
proportional to the difference in energy between the ground state and the excited state 
of the molecule. According to him, when light is absorbed by a molecule, a change in the 
electronic configuration of the atom results. According to the Frank Condon principle 
however, the nucleus of heavy atoms do not experience any change when light is 
absorbed. In the same vein, the electron spin does not change, and spin inversion is 
highly unlikely during excitation resulting from light absorption. Burkhard, (2013) also 
listed the significant things about photochemical reactions to include the following; 
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a. Reactions that are naturally endothermic in ground state can proceed because 
excited states are energy rich. 
b. Because anti-bonding orbitals are occupied in excited state, there is greater 
possibility for reactions, which naturally may not happen due to electronic 
reasons, to proceed in the ground state. Thus, excitation of molecules upon 
absorption of radiation can initiate reactions, which are otherwise impossible in 
ground state. 
c. Photochemical reactions have an advantage over thermal reactions; firstly, while 
thermal reactions usually only have singlet states, their photochemical 
counterparts include both singlet and triplet states. Secondly, photochemical 
reactions may lead to the formation of oxidation intermediates, which are not 
accessible in thermal reactions (Burkhard, 2013). 
6.3 Microwave assisted reactions 
The use of microwave energy (MW) as an alternative to conventional heating, to 
minimize environmental impacts in chemical reactions transformation, by the reduction 
in the amounts of reagents used and reaction times is well documented (Abramovitch, 
1991; Caddick ,1995). This involves irradiating reaction mixtures with microwave energy 
at a frequency of 2.45 GHz. Higher speed of heating is achieved from the interaction of 
matter with electromagnetic waves at this frequency and wavelength, which can lead to 
the alteration of ion migration and the rotation of ions dipoles, known as dipolar 
polarization without interfering with the structure of the molecules. This is achieved 
through effective temperature distribution, volumetric heating and selective heating of 
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more polar molecules (Saillard et al., 1995; Kingston and Haswell, 1997; Remya and Lin, 
2012).  
The reason for the so-called microwave effect is still a subject of speculation, however 
several hypothesis have proposed a dielectric and conductance mechanism (Kingston 
and Haswell, 1997). The main heating mechanisms of MW radiation are dipolar 
polarization, conduction, and interfacial polarization. Majority of heating in solvent 
systems is caused by intermolecular inertia, which results from dipolar polarization. 
What happens is, when the dipole is subjected to a high frequency alternating electric 
field of the MW, usually around (300 MHz to 300 GHz), this leads to the rotation 
(reversing) of the dipole, which is not fast enough to adequately follow the rate of 
change of direction of the electric field. This results in a time delay, and causes a 
substantial amount of energy to be spent, that converts into heat (Hidaka et al., 2007). 
In this study, microwave assisted heterogeneous catalytic oxidation and UV-microwave 
assisted catalytic oxidation have been investigated with a view to combining their 
individual advantage in a cost effective manner, with environmental considerations.  
6.4 AIMS  
The aims of this chapter are to: 
a. Determine the effect of process parameters and establish optimum conditions 
for the reaction. 
b. Conduct batch and continuous flow UV and UV/MW assisted Fenton-like 
reactions on simulated produced water and compare same with the unassisted 
Fenton reaction. 
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6.4.1 Fundamentals of Photochemistry. 
The use of light energy or radiation to cause a chemical reaction upon direct absorption 
is known as photolysis. The use of a catalyst in the process to increase the rate of 
reaction is known as photocatalysis (Goswami et al., 2000; Abhang et al., 2011). 
Photocatlytic oxidation however involves the addition of an oxidant e.g., H2O2, to 
enhance the process of pollutant breakdown (Guus et al., 2007). Photochemistry on the 
other hand, deals with the chemistry involved as a result of the impact of energy in the 
form of photons on materials. The principle of photochemistry is hinged on the first law 
of Photochemistry otherwise known as Grotthus-Draper’s law, which states that light or 
radiation must be absorbed for a photochemical reaction to occur and this has been 
explained previously. This has been expressed as; 
                   M + light —> M*                                                                                      …. (6.4) 
Where M* represents a molecule after being irradiated and is now in an excited state. 
Transmittance measures the amount of light or radiation a sample has absorbed from 
the total radiation entering the sample. This is given as;  
           𝑇 =
𝐼0
𝐼
                                                                                                                .... (6.5) 
Where Io and I represents the radiation intensity before striking the sample and after 
striking the sample respectively. Accordingly, if no light is absorbed then I=Io.  
Beer’s law also explains the relationship between the absorbance of radiation or light 
and the concentration of a sample or solution. That is; 
                  A = log (Io/I)                                                                                                … (6.6) 
 UV/MW/Fenton-Like Oxidation of DMP in Water and Synthetic PW                                                  E U Ushie 
259 
 
Where A is absorbance. It follows from equation (6.5) that, 
                  A = log (1/T) = -log T                                                                                 ... (6.7) 
If we assume (according to Beer-Lambert’s law) that absorbance A is proportional to 
both concentration c and path length of the light l, then; 
                         A α c                                                                                                   ... (6.8) 
this proportionality can be converted into an equality by including a proportionality 
constant; 
                    A= εc                                                                                                        ... (6.9) 
Where ε is a proportionality constant called molar extinction coefficient, which gives an 
indication of the extent of absorption of light in a medium.  
Photoactive compounds absorb light in proportion to their concentration; hence, once 
an accurate value of ε is established for a known compound, the concentration can be 
calculated from its absorbance (Pace et al., 1995). Care must however be taken to 
account for possible interferences from other absorbing species in solution.  
6.4.2 Photochemical Oxidative Decomposition in water treatment 
The application of photolysis in combination with Fenton catalysis is an example of an 
advanced oxidation process (AOP). Other OAPs using UV radiation include, UV/H2O2, 
O3/UV, UV/H2O2/O3, UV/TiO2, etc. (Ibhadon and Fritzpatrick, 2013). The key reactions 
are illustrated in Table 6.3.1. The focus of this study is UV/MW/Fenton and UV-Fenton, 
otherwise called photo-Fenton which according to Pignatello et al., (2006), holds more 
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promise for practical industrial applications due to the ease of application and less 
chemical requirements and hence, reduced impact on the environment. 
Table 6.1: Advanced Oxidation Processes key Reactions and Wavelengths (Burkhard, 2013) 
AOP Key Reactions Wavelength 
UV/H2O2 H2O2 + hv → 2OH• λ < 300 nm 
UV/O3 O3 + hv → O2 + O(1D) (singlet) 
O(1D) + H2O → 2OH• 
λ < 310 nm 
UV/H2O2/O3 O3 +H2O2 + hv → O2 + OH• + OOH• λ < 310 nm 
Photo-Fenton H2O2 + Fe2+ → Fe3+ + OH• + OH- 
Fe3+ + H2O2 + hv → Fe2+  + H+ + OOH• 
λ < 580 nm 
UV/TiO2 TiO2 + hv → TiO2 (e- + h+) 
TiO2(h+) + OH-ad → TiO2 + OH•ad 
λ < 390 nm 
 
 
6.4.3 Types of Photocatalytic reactors 
The system of classification of reactor types is vast and sometimes very convoluted. This 
is because; several categorizations of reactors are based on industry of application. 
Some of the factors that have been used in classifying reactors include the following: 
• Mode of attachment of catalyst 
• Lamp configuration with respect to aqueous solution  
• Pattern of UV lamp orientation  
• Reactor wall configuration 
• Reactor size 
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• Mode of operation 
Accordingly, with respect to mode of attachment of catalyst, two main types of reactor 
configurations used for photocatalytic processes have been described, namely; Slurry 
(Mills et al., 1993; Herrmann, 1999; Almquist, 2003) and immobilized reactors 
(Herrmann, 1999; Chan and Lynch, 2003; Ray and Beenackers, 1998). The Slurry reactor 
shows greater catalytic efficiency in terms of reaction rates improvement in comparison 
to the immobilized support reactors (Pueh, 2010; Yatmaz et al., 2000). However, there 
are advantages in the latter; for example, there is a post-treatment requirement, which 
involves the separation of particles, or sludge from the liquid phase, which adds to the 
overall cost which makes the immobilized reactor preferred for water treatment 
(Balasubramanian et al., 2004). 
In terms of the lamp configuration with respect to aqueous solution, reactors have also 
been further classified into three groups namely; immersion types, external types and 
distributive type reactors (Ray, 1999). The immersion type reactors as the name implies 
have their lamps immersed in the treatment solution within the reactor. For these types 
of reactors, emitted radiation may have to travel through lamps protective jacket, then 
through the reaction solution where radiation may be lost to absorption (by solution 
substrates) and deflection (caused by turbidity) before reaching the catalyst.  For the 
external type reactors, the lamps are outside the reactor tank, however the emitted 
radiation can also be affected by turbidity of the solution and/or absorption and 
deflection depending on the how the catalyst is deployed. The distributive type reactors 
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on the other hand have the radiation dispersed from the source using reflectors or 
optical fibres (Ray, 1999) and has similar challenges as the former.  
With respect to the pattern of UV lamp orientation/configuration, two fundamentals 
types of chemical reactors are known; annular reactors and cylindrical reactors (Akehata 
and Shirai, 1972). Annular reactors are irradiated from a cylindrical light source inside 
an annulus, while the cylindrical reactors have irradiation source positioned radially 
around the reactor to provide uniform irradiation. Other reactor types include flat or 
tubular wall reactors which are based on the reactor wall configuration (Ibhadon and 
Fritzpatrick, 2013). Monolith and micro reactors have also been used to describe 
reactors based on size and composition (Gerven et al., 2007).   
With respect to mode of operation, two types of reactors have been described by 
Yatmaz, (1993), namely; falling film reactors and spinning or rotating disk reactors. 
These reactors have been designed to overcome the mass transfer challenges in 
photocatalytic reactors.  There are instances where a combination of these reactor 
names are used to suitably describe a specific reactor. In all cases, therefore the 
challenge in the design of a photochemical reactor for heterogeneous systems is largely 
on the uniform distribution of irradiance on the catalyst surface (Gerven et al., 2007). 
6.4.4 Reactor design  
Design considerations seek to overcome the existing challenges and shortcomings, 
which hinder the efficiency of photocatalytic reactor systems. The design considerations 
that have been summarized by Yue, (1985) in Yatmaz, (1993), Gerven et al., (2007), 
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Ibhadon and Fritzpatrick, (2013), Masschelein, (2002), Meulemans, (1986) and Cabaj et 
al., (2000) are as follows:  
• Heat Exchange – Design considerations should anticipate effective heat transfer 
mechanisms. The heat generated by the radiation source (lamps) in addition to 
heat energy resulting from reaction system. Designs should incorporate the 
possible need for heat removal or addition. 
• Mixing and flow characteristics – The rate-limiting step in most systems 
especially heterogeneous catalytic reactors is the mass transfer limitations. 
Effective mixing is even more important in multiphase reactor systems. The 
reactor geometry should support proper mixing to make for good contact 
between the photon, the substrate and the catalyst. 
• Reactor material – The material used for construction of a photocatalytic reactor 
is an important design factor for several reasons; corrosivity, resistance to 
reactive oxidants, cost, thermal properties of material, etc. The most important 
criteria is the radiation/light transmission properties of the material. 
Commercially available glass types include Pyrex glass, optical glass, etc. block 
wavelengths below 300 nm down to 120 nm, and quartz is usually the best 
material of good quality. However, this fused quartz is a high-end material with 
significant cost implications.  
• Energy consumption- The cost efficiency of any treatment system forms one of 
the most important factors usually considered before deployment. For most UV 
systems, the major cost component lies in its energy consumption and cost of 
H2O2 (if required). Higher energy corresponds to higher irradiance and it is crucial 
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to meet the energy band-gap requirement, for the compounds undergoing 
excitation; however, this must be balanced in terms of cost efficiency. The type 
of UV lamps (in terms of energy consumption) used for this purpose can make a 
huge difference resulting in huge savings.  
• Location of Lamps- Lamps can either be embedded in the reaction solution or 
placed externally. Embedded lamps would prove more efficient provided the 
turbidity of the medium is low. Precipitation of deposits (slime) on lamps 
embedded within the reaction volume can significantly reduce treatment 
efficiency. Precipitates of mineral salts of Ca and Mg account for between 30 and 
80% of deposits on lamp surfaces (Masschelein, 2002). In waters which have 
undergone primary treatment by flocculation, Fe and Al may well account for 20 
to 30% slime deposits (depending on solution pH). This can however be managed 
by effective pre-treatment such as flocculation and coagulation, pH adjustment 
and filtration to clarify the medium. 
Lamps positioned externally to the reaction solution will not suffer deterioration from 
slime deposition; however, the further the lamps are from the reaction tank, the lower 
the flux intensity, and the less able to penetrate through the solution. This can however 
be overcome by the use of shallow bed reactors, which have shallow depth of 
penetration.  
Others important features include composition and optical absorbance of non-target 
compounds or materials in the water and geometry, relationship between the optical 
absorption band of the catalyst and that of the target compound/medium, film thickness 
on thin film reactors, etc. 
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6.5 Ultraviolet (UV) Radiations and Their Sources  
Electromagnetic spectrum, (Figure 6.1) describes the distribution of electromagnetic 
wave according to energy with respect to wavelength and frequency (NASA, 2007). It 
consists of about seven differently classified radiations, spanning wavelengths of a few 
pico meters to over one meter (Figure 6.1). Photochemical processes are predominantly 
within the visible and the ultraviolet regions, but because the photochemical effects of 
UV radiation varies substantially at different wavelengths for different compounds, the 
UV spectrum has been further subdivided into three regions UVA (400-320 nm), UVB 
(320-290 nm) and UVC (290-200 nm) (Diffey, 2002).  Photochemical activity is thought 
to be most effective in the range of 250-400 nm, which corresponds to the ultraviolet 
(UV A-C) region of the spectrum and is the most commonly used in photochemical 
degradation processes (Braslavsky et al., 2011). It is also sometimes referred to as the 
disinfection range because it is wavelength range used for disinfection (usually 254 nm 
but between 200 and 300 nm). With the exception of carboxylic acids and alkanes, most 
organic compounds have their maximum optical absorbance within this region as shown 
in Table 6.1. 
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Figure 6.1: Electromagnetic spectrum (not to scale). Source: (CCOHS, 2016) 
 
Most aromatic compounds, including DMP used in this study absorb through 254 nm 
(Figure 6.2). The UVC region where the aromatic compounds absorb is a narrow region 
of the spectrum, and some materials and compounds do not absorb in this region. 
Carboxylic acids, which form the bulk of the recalcitrant component of Produced water, 
absorb at the UVC region, around 210 and 230 nm (and not 254 nm from 
monochromatic low energy lamps) as shown in Table 6.2 (Burkhard, 2013; Kalisvaart, 
2000). Thus, the use of low-pressure monochromatic lamps for UV oxidation although 
effective when targeting specific compounds, it is often not effective for a complex 
mixture of wastewater with varied spectral properties. This has been discussed in more 
details under lamp properties and types (Section 6.5.1.1 to 6.5.1.3).  
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Figure 6.2: Absorbance spectrum of 25 mg/L DMP in water. 
 
Table 6.2: Regions of absorption of UV light for selected classes of organic compounds 
(Burkhard 2013, Kalisvaart, 2000) 
S/no Organic compound Absorption wavelength range 
(nm) 
1 Simple alkanes 190-200 
2 Acyclic diene 220-250 
3 Cyclic diene  250-270 
4 Styrene 270-300 
5 Saturated ketones 270-280 
6 α, β-Unsaturated ketones 310-330 
7 Aromatic ketones/ aldehyde 280-300 
8 Aromatic compounds 250-280 
9 Carboxylic acids 210-230 
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Because aromatic compounds can be excited by UVC, there is a dual impact efficiency 
of substrate electronic excitation (excited states are energy rich) by direct photolytic 
action and an increase in hydroxyl radical production given by equation 6.10; 
                                   H2O2 + hv →2HO•                                                                …. (6.10) 
The solar system only accounts for 7 to 9% of UV radiation at sea level. Thus, most of 
the UV radiation used for UV enhanced reactions is artificially generated. Commercial 
generation is commonly done by two main methods; incandescence and fluorescence 
(Diffey, 2002). The former involves heating a body to an incandescent temperature at 
which point it glows, an example is Solar UV or tungsten element, while the latter 
involves passing electric current through a gas, which becomes excited and fluoresces.  
The principle behind generation of radiation or emission of light is by activation of 
electrons to a higher orbital state or higher energy level of an element. When such an 
activated specie returns to a lower energy level, it is accompanied by light emission and 
the wavelength obtained is dependent on the energy difference between the activated 
or excited state and the returned state (Masschelein, 2002). This is as shown in Figure 
6.3. 
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Figure 6.3: Emission of radiation by matter. Source (Nave R., 2015) 
 
The principle of incandescent UV radiation, which involves the thermal activation of 
matter, is based on the Black Body (opaque and non-reflective) radiation theory – That 
the total radiant energy (quantified by Stefan-Boltzmann law) depends on the 
temperature of the matter (Masschelein, 2002). All normal matter is able to absorb 
electromagnetic radiation to some degree, a black body which is in thermodynamic 
equilibrium on the other hand absorbs all electromagnetic radiation at all wavelengths 
and is able emit radiation of a characteristic frequency distribution which corresponds 
to its temperature (Kuhn,, 1978). Black body radiation as a means of commercial 
generation of UV does not enjoy a huge commercial application compared to 
fluorescence (Masschelein, 2002). 
Artificial UV sources are commonly produced by fluorescence using mercury emission 
lamps. An example of this is the vaporised mercury emissions which is also known as 
lamp or burner technologies. It is the dominant means for commercial production of UV 
radiation. This is because, mercury is the most volatile metal and as a result, activation 
of mercury at the temperatures amenable to the structures of the lamps is easy 
 UV/MW/Fenton-Like Oxidation of DMP in Water and Synthetic PW                                                  E U Ushie 
270 
 
(Masschelein, 2002). Mercury based lamps are differentiated based on the operating 
pressure temperature and emissions spectrum and based on this, we have two main 
types; low pressure and medium pressure lamps (Schalk et al., 2005). 
6.5.1.1 Low Pressure (LP) Lamps 
Low pressure mercury lamps operate at a pressure of about 102 to 103 Pa, which is 
equivalent to 1 to 10 mbar (Masschelein, 2002). They have a narrow spectral radiation 
mainly at 254 and 185 nm (Schalk et al., 2005). The 254 nm radiation is suited for 
disinfection, while the 185 nm obtained from LP lamps is suited for AOPs such as UV/O3 
or UV/H2O2 and water, where direct photolysis of O3, H2O2, or water is required to 
liberate •O and •OH (Schalk et al., 2005). The preferred envelop material for LP lamps is 
fused silica because of low wall temperature, However soft glass, made from 
sodium/barium has also been in use, which does not transmit at 185 nm (Schalk et al., 
2005). Optimised LP lamps called fused quartz amalgams also exist, which have longer 
life, better transmittance and higher operating temperatures.  
6.5.1.2 Medium Pressure (MP) Lamps 
These lamps operate at pressures of about 1 to 3 bar. These lamps operate, based on 
plasma emission at high internal temperatures of between 500 to 950 oC as shown in 
Table 6.3 (Masschelein, 2002). They have higher electrical output than LP lamps, which 
gives them a higher vapour pressure, with a corresponding continuous spectrum. They 
are polychromatic (broad spectral capabilities) however; their high surface temperature 
is a major setback owing to poor compatibility with heat sensitive materials (Schalk et 
al., 2005). A comparison of the LP and MP lamps is as shown in Table 6.3 below. 
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Table 6.3: Comparison of Low Pressure and Medium Pressure Lamps (Schalk et al., 2005) 
Characteristic LP Amalgam MP 
UV spectrum 185, 254 nm polychromatic 
Hg vapour pressure (bar) 1 x 10-5 1 – 6 
Surface Temperature (°C) 90 – 120 500 – 950 
Electrical Power (W) 40 – 500 400 – 60,000 
Specific Elect. Power (W/cm) 1 – 3 50 – 250 
Specific UVC flux* (W/cm) <1 <35 
UVC efficiency (%) 35 5 – 15 
Lifetime (h) <16,000 <5,000 
* per unit arc length 
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6.6 EXPERIMENTAL METHODOLOGY 
6.6.1 Reagents/Chemicals and Materials 
Table 6.4: Reagents and chemicals used for this study. 
Chemical/reagent Linear formula/ 
Symbol 
% Purity Source 
3,5-dimethyl phenol (CH3)2C6H3OH ≥ 99 Sigma Aldrich 
Hydrogen Peroxide H2O2 30.0 Fisher Scientific 
Hydrochloric acid HCl  Fisher Scientific 
Acetonitrile CH3CN 99.8 Fisher Scientific 
Double distilled water H2O - DMU-Fistreem 
Cyclon: WSC044 
n-hexadecane CH3(CH2)14CH3 99.0 Sigma Aldrich 
Tridecane CH3(CH2)11CH3 ≥ 99 Sigma Aldrich 
Acetic acid CH3CO2H 99.7 Sigma Aldrich 
Sodium hydrogen carbonate NaHCO3 99.0 Sigma Aldrich 
Sodium Chloride NaCl 99.0 Fisher Scientific 
Benzene  C6H6 99.8 Sigma Aldrich 
Toluene  C6H5CH3 99.5 Sigma Aldrich 
Ethyl Benzene C6H5C2H5 99.5 Sigma Aldrich 
Xylene C6H4(CH3)2 99.5 Sigma Aldrich 
2,6,10,14-
tetramethylpentadecane 
(TMPD) 
(CH3)2CH(CH2)3CH(CH3) 
(CH2)3CH(CH3)(CH2)3CH(CH3)2 
 
98 Sigma Aldrich 
Tetrachloroethylene CCl2=CCl2 ≥ 99 Sigma Aldrich 
 
Other material used for the study include the following; modified catalytic mesh, 300 
mL capacity jacketed dish reactor vessel with an exposed surface area of 103.87 cm2 
(reactor diameter was 11.5 cm). An Isotemp refrigerated-heating circulator model 4100 
R20F, with controls from -20oC to 100 oC was used to regulate the temperature of the 
reactor. 8W T5 GR3 WEMLITE germicidal ultraviolet irradiation lamps, magnetic stirrer, 
mini height adjustable work platform (jack), P1000 Gilson pipette, KERN ALJ 220-4 
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balance, Watson Marlow series 101U peristaltic pump. A photocatalytic reactor, 
described in Section 6.6.3, Figures 6.4 and 6.5, housed in a cabinet, measuring 80 cm x 
50 cm x 50 cm (HxWxD) made from steel plates was used for batch reactions. A 
UV/microwave assisted reactor incorporating a rotating disc reactor described in Section 
6.6.4, figures plate 6.6a to 6.6c, was used for continuous flow reaction. 
6.6.2 Equipment 
The following analytical equipment were used for the study; Perkin Elmer HPLC series 
200 fitted with a UV detector, PerkinElmer Flame atomic absorption spectrometer 
AAnalyst 200 model fitted with a touchscreen interphase, Alpha FTIR spectrometer DR 
3800 Hach Lange spectrophotometer. ILT 1400A Radiometer, fitted with SEL240 and 
SEL220 – solar blind vacuum photodiode detector.  
6.6.3  Description of Photocatalytic Dish Reactor  
The photolysis unit used for the batch study consisted of up to 4 x 8 W GT Wemlite 
germicidal ultraviolet irradiation bulbs, emitting at wavelengths of 253.7 nm fitted to a 
plate above the reaction solution. The reaction vessel was a jacketed dish type reactor 
of 300 mL capacity, mounted on a magnetic stirrer. The stirring was achieved by the use 
of a stirring bar, which was rotated at 400 rpm. The magnetic stirrer was mounted on a 
mini height-adjustable work platform to enable vertical variation/adjustment of 
distance of reaction solution from the irradiation source as shown in Figures 6.4 and 6.5.  
The reaction temperature was regulated by the use of a refrigerated-heating circulator, 
with controls from -20 oC to 100 oC, while the reaction was monitored by sampling using 
a peristaltic pump to withdraw a sample when needed, to avoid frequent opening and 
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closing of the UV cabinet door. The reactor was housed in a cabinet, which had a built 
in automatic UV cut-off when the door opens. The dish reactor and the cabinet were 
black coated to diminish reflection, refraction and deflection of irradiation. 
 Figure 6.4:  Photograph of the UV- reactor system used for the study 
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Figure 6.5: Schematic drawing of experimental setup of the UV- reactor system 
 
6.6.4 Description of UV/Microwave Reactor  
The UV/Microwave reactor consisted of a steel casing measuring about one meter 
cubed, which housed a Mars 6 programmable microwave oven of 0-1.8 kW microwave 
power, irradiating at a frequency of 2.45 GHz. The door of the microwave oven had the 
plastic sheet removed and was fitted with 8 x 8 W UV lamps with an average irradiation 
output of 700 mW measured at 5 cm from reaction surface. The average irradiance 
measured at the surface of the reaction was only 500 µW. The irradiance was low 
because the lamps were distant from the position of the reactor relative to the lamps. 
In addition, the reactor material was not transparent to UV.  Within the cavity of the 
microwave is fitted the 950 mL volume, cylindrical rotating disk reactor with discs and 
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tank made of acrylics, while gears and support were made of Teflon, HDPE respectively. 
A motor rotates 8 discs of 2 cm radius, loaded with 180 g of the modified catalyst, slotted 
on a shaft, rotating at a low velocity of 8-10 rpm. The large shear forces of the rotating 
disks provides efficient mixing of the reaction system giving high mass transfer rates. 
The reactor is as shown in Figures 6.6a to 6.6c. 
 
 
 
Figure 6.6a: Photograph of UV/Microwave reactor B showing the UV lamps  
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Figure 6.6b: Photograph of UV/Microwave reactor B showing the rotating disc reactor 
 
 
Figure 6.6c: Photograph of UV/Microwave reactor B showing the UV panel and motor 
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6.6.5 Experimental Setup 
The UV photocatalytic experiments were conducted first in batch on DMP in water and 
subsequently synthetic produced water, using the dish reactor described in Figure 6.4 
and 6.5. The control experiments included the following; DMP alone using process time 
of 4 h, UV radiation alone in the presence of DMP, and UV + hydrogen peroxide in the 
presence of DMP. These were followed by the photocatalytic experiments 
(uv+peroxide+catalyst and DMP). Similar set of experiments were carried out on 
synthetic produced water in the same order mentioned above also in dish reactor. 
Finally, continuous flow experiments were then carried out on synthetic produced water 
using the continuous flow reactor, (Figure 6.6a to 6.6c) which in addition to the 
experiments in dish reactor above, included microwave assistance i.e. 
(UV+peroxide+Catalyst + microwave + PW). 
6.6.6 Experimental conditions  
Batch UV-Fenton experiments in dish reactor for the oxidation the model compound, 
DMP and synthetic produced water, were conducted using the following conditions; 
Reaction volume was 200 mL, stirred at 400 rpm, with 10 g catalyst, 400 and 1000 ppm 
H2O2 for 25 mg/L DMP and produced water respectively. The reaction temperature was 
26 0C ± 1, at pH3. The UV irradiance was 2.66 mW/cm2 on the exposed reaction surface 
area of 103.87 cm2, which was 5 cm from the UV source with a total power of 24 W.  
The continuous flow reaction in continuous flow reactor was carried out in phases, and 
consisted of the following reaction systems; UV-Fenton- microwave, UV-Fenton, 
microwave-Fenton, Fenton alone, and control experiment (no treatment) on synthetic 
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produced water in the presence of H2O2. The conditions for this reaction were as follows; 
Reactor volume was 950 mL, with the eight discs set to rotate at 8-10 rpm. The catalyst 
load was 180 g, H2O2 concentration in reaction was 1000 mg/L, however the peroxide 
feedstock was 4000 mg/L, on a flow rate of 0.8 mL/min (pump setting to achieve this 
flow was 06). The synthetic produced water, which was prepared as described 
previously in chapter five, was delivered into the reactor at a flow rate of 2.4 mL/min, 
(pump setting of 16), using a platinum-cured silicone tubing with ID of 1.6 mm, OD of 
4.8 mm and wall thickness of 1.6 mm. This resulted in a flow ratio of 4:1 synthetic 
produced water: H2O2, giving a H2O2 reaction concentration of 1000 ppm after mixing. 
Total flow rate for peroxide and synthetic produced water was 3.2 mL/min, giving a 
residence time of 4 h and 55 min (Reaction volume 950 mL, Flow rate 3.2 mL/min) 
6.6.7 Substrates preparation  
Solutions of DMP and synthetic produced water were prepared as per protocols 
described previously in chapter three section 3.4.1 for DMP, and chapter 5 section 5.4.4 
for produced water respectively.  
6.6.8 Experimental Procedure  
The batch mode experiments were carried out in reactor A that has been previously 
described. UV lamps in the reactor were turned on for thirty minutes to warm up and 
stabilize at constant UV irradiance. Thereupon, the pH adjusted solution of DMP was 
transferred into the jacketed reactor vessel which was connected to a circulator pre-set 
to the required temperature. The reaction system was initially optimised by 
investigating three photochemical reactor parameters, namely; Influence of distance of 
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reaction solution from the irradiation source, the influence of irradiation time on the 
reaction solution and the influence of radiation intensity. The following processes were 
performed: 
• UV radiation in the presence of substrate alone 
• UV radiation in the presence of hydrogen peroxide and substrate 
• UV radiation in the presence of catalyst, H2O2, substrate  
The magnetic stirrer was set to 400 rpm and the sample for the initial zero reading  was 
taken. The UV experiments were initiated by shutting the reactor door (which 
automatically activated the UV radiation source). Sampling was achieved with the use 
of a peristaltic pump for the analysis of DMP and hydrogen peroxide. For the produced 
water system, the reaction solution after 240 min was analysed for oil-in- water while 
the catalyst was processed further for oil in sediment according to DECC IR method for 
determination of Oil on Sand/Scale/Solids (DECC, 2011), described previously in chapter 
five, section 5.5.1. The result from this process was recorded as desorbed concentration.  
For the continuous flow experiments in Reactor B, the reaction solution was fed into the 
reactor from two tanks, one containing H2O2, and produced water at flow rates already 
stated in section 6.6.6. The rate of loss of the model compound (DMP), COD and oil-in-
water were monitored while total iron was monitored for both the continuous flow and 
batch processes. The following continuous flow processes were carried out on the 
synthetic produced water: 
• Substrate in the absence of any treatment scheme 
• UV radiation in the presence of substrate alone 
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• UV radiation in the presence of hydrogen peroxide and substrate and catalyst 
• UV radiation in the presence of catalyst, H2O2, substrate and Microwave 
radiation (power set to 600 W, delivering 35 oC constant temperature). 
6.6.9 Instrumentation/Analytical methods  
6.6.9.1 Analysis of DMP and H2O2 
 
For the batch process, the rate of loss of substrate (DMP) and hydrogen peroxide were 
monitored on a PerkinElmer series 200 LC Turbo model fitted with a UV detector. The 
procedure and method have previously been described in chapter five section 5.4.5.5.  
6.6.9.2 Analysis of total iron 
The dissolved iron concentration for the reaction process was monitored using a 
PerkinElmer flame atomic absorption spectrometer (AAS) AAnalyst 200 model, and this 
has previously been described in chapter three section 3.3.1.3.   
6.6.9.3 Analysis of Chemical Oxygen Demand (COD) 
The chemical oxygen demand COD, was monitored using spectrophotometry reference 
method –COD cuvette test ISO 15705. This has previously been described in details in 
chapter three, and chapter five section 5.4.5.7.  
6.6.9.4 Analysis of Oil-in-water 
Oil-in-water analysis was monitored using the Bruker Alpha FTIR in the 
transmittance/absorbance module. This procedure has previously been described in 
details in chapter five section 5.4.5.1. 
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6.7 Results and Discussions 
6.7.1 Effect of Radiometric Irradiance on Oxidation of DMP  
Radiometric irradiance has been defined as the measurement of the density of light 
striking a surface with units in mW/cm2. Preliminary studies investigated The effect of 
irradiance intensity was evaluated by varying two factors, namely; total lamp power 
(number of lamps) and the distance of the reacting solution from the irradiance source 
(lamps), which formed part of the preliminary studies.  
The influence of reactor distance from radiation source on the irradiance was 
investigated for 8, 16 and 24 W. The reactor dish, which sat on a height-adjustable mini 
jack inside the UV cabinet, was varied in a vertical fashion between 5 cm and 18 cm. The 
sensor was placed within a black cardboard, cut to the shape and dimension of the dish 
reactor and placed on the adjustable mini jack (Figure 6.7).  The measured and 
calculated irradiances are as shown in Table 6.5. 
 
Figure 6.7: Investigation of the effect of irradiance by varying the distance 
 
 
Distance from UV 
source to detector (d) 
(reaction top in dish) 
UV lamps 
Radiometer 
detector 
Established 
reaction level in 
reactor dish 
Mini jack 
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Table 6.5: Measured irradiance at different detector distances from UV source 
Distance from 
lamps 
8 Watt lamp 
Measured  
Irradiance 
(mW/cm2) 
16 Watt lamp 
measured 
Irradiance 
(mW/cm2) 
24 Watt lamp 
measured 
Irradiance 
(mW/cm2) 
5 cm 1.31 2.55 3.28 
8 cm 1.07 1.69 2.79 
10 cm 0.75 1.49 2.45 
13 cm 0.53 1.19 1.72 
15 cm 0.45 0.91 1.49 
18 cm 0.37 0.66 1.10 
 
The Irradiance Intensities for 16 W source ranged from 2.55 to 0.66 mW/cm2 while 24 
W lamps recorded between 3.28 to 1.10 wW/cm2 at 5 cm and 18 cm respectively as 
shown on Table 6.5. As the detector was moved away from the source, inside the UV 
cabinet, irradiance reduced as shown in Figure 6.9. This observation followed the inverse 
square law (equation 6.11):  
      Intensity =
1
d2
                                                                                                  …(6.11)                                                                      
Where d is the distance of the radiation/light detector from source. 
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Figure 6.8: Variation of irradiance at different distances from the irradiance source at different 
lamp power 
 
 
This means, the flux density will drop off as the measurement plane gets farther from a 
point light source (International light technologies, 2007). However, the law was not 
strictly obeyed mathematically and the reason for this is not very clear. 
However, Borg, (2009) explained that the precondition for the inverse square law to be 
obeyed is that the source of radiation or light must be a point source as shown in Figure 
6.8, unlike the radiation source in the UV cabinet used for this study. Other instances 
where the inverse square law is not obeyed include possible absorption and reflection 
of irradiated light. 
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Figure 6.9: Point source Light illustrating inverse square law. (Source: Borb, 2008)  
 
Catalytic degradation of DMP using the optimised conditions from normal Fenton 
catalysis over a range of irradiances is shown in Figure 6.10.   
  
 
Figure 6.10: Loss of DMP with respect to irradiance in UV- Fenton catalysis using 25 mg/L DMP, 
400 ppm H2O2, 10 g catalyst, 200 mL reaction solution, pH3 at 25±2 0C for 16 and 24 W lamp 
outputs.  
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From the graphs of 16 and 24 W lamp radiant power, there is no significant difference 
in the rate of loss of DMP with respect to irradiance intensity after 0.920 mW/cm2. This 
could be due to a rate limiting effect such as the experimental setup at this range of 
irradiance for this reaction. The irradiance intervals used for the comparison, which is a 
function of the variable distance available in the UV cabinet was small. Thus, large 
irradiance intervals were not achievable. This may also be because the energy 
requirement for the excitation of DMP and the photolysis of water/H2O2 was easily 
attained at 0.9m W/cm2 and further increase was not required (based on quantum 
theory). However, the effect on the excess irradiance on the oxidation products was not 
investigated. 
6.7.2 Effect of Photolysis on H2O2, H2O and Catalyst on the oxidation of DMP. 
The effect of photolysis on H2O2, H2O and the catalyst in the oxidation of DMP was 
evaluated using a series of controls. 400 mg/L H2O2 concentration of was used where 
relevant (this was shown to be optimum concentration see chapter three, section 3.5.2). 
The results are as shown in Figure 6.10. 
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Figure 6.11: shows a comparison between UV-H2O2, UV Only, Sorption, and  Catalyst exposed 
to UV Only in 200 mL volume, 10 g catalyst (where required), 25 mg/L DMP, 400 PPM H2O2 
(where required) pH3, T =25 oC±1, 2.26 mW/cm2 irradiance, and t= 60 min. 
 
From Figure 6.11, there is almost complete loss of DMP in 60 minutes for UV/ H2O2, 
while UV alone resulted in a 20% loss of DMP in 60 min, which is faster than catalyst-
H2O2 system which of 2 h reaction time (chapter three). However, a well optimised 
reaction system using the catalyst is likely to result in reasonable reduction in the 
amount of H2O2 used in the reaction, which is the single most expensive component of 
the reaction.  There was also 10% loss due to sorption of DMP by the catalyst. The 
reaction of UV radiation in aqueous solution releases reactive free radical species in a 
slow process known as photo dissociation of water (Cervera and Esplugas, 1983), usually 
at a wavelength of about 185 nm (Schalk et al., 2005) as shown in equation (6.8). 
H2O + hv → H• + OH•                                                                                             … (6.12) 
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The interaction of ultraviolet radiation with water molecules, dissociates it into 
hydrogen and hydroxyl radicals (equation 6.12) at the favourable wavelength of 185 nm 
vacuum UV (VUV).  
The UV peroxide oxidation process achieved over 95% loss of DMP in 60 min. This arises 
from two main processes, enhancing the rate of loss of DMP. These are the absorption 
of UV radiation resulting to the excitation of the substrate which can lead to chemical 
transformations such as; intramolecular rearrangement, isomerization H atom 
abstraction, dimerization, electron transfer, etc. or a physical transformation such as; 
vibrational loss of energy (heat transfer), energy loss by light emission, etc. (Burkhard, 
2013). The second process involves the photolysis of H2O2 and H2O, to form reactive free 
radical species for the oxidation of the substrate according to equations 6.10 and 6.12 
respectively. The reaction for equation 6.10 has a quantum yield of 1 at 253.7 nm (Guus 
et al., 2007; Cataldo, 2014). The simultaneous occurrence of H2O2 photolysis couples 
with H2O photolysis results in the formative of more reactive free radical species which 
are thought to have been responsible for the faster rate of loss of DMP as shown on 
6.7.2.  
The degradation curve for UV alone can be seen to be better than the sorption curve as 
shown on Figure 6.10. This because DMP being an aromatic molecule absorbs in the UVC 
range (see Figure 6.5b). According to Phillips, (1983) and Stefan, (2004), the absorption 
of UV radiation by these aromatic compounds in the UVC range can result in their 
photolysis, leading to their degradation.  
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Machulek et al., (2012), showed that, the reaction of Fe3+ with UV radiation in an 
aqueous medium can result in the reduction of Fe3+ to Fe2+ in addition to forming OH 
radical according to equation  (6.2) and this has been corroborated by  Pignatello and 
Huang, (1993). The wavelength of this photo-reduction according to pignatello and 
Huang, (1993) is between 180 and 400 nm.  
In their study of the photochemistry of Fe(OH)2+, Pozdnyakov et al., (2000) showed that 
Fe(OH)2+, if present in a catalyst can undergo photochemical reaction to produce Fe(II) 
and the hydroxyl radical, as shown in equation 6.3 and again in equation 6.13 (which will 
be elaborated in the next section). This could explain why there is a better rate of loss 
during irradiation of the catalyst as shown in Figure 6.10. However, there is also a very 
good chance that the increased rate of reaction is as a result of the combination of UV 
photolysis and sorption (an additive effect). Although it is not exactly clear what form or 
species the Fe is held in the catalyst, but ferric iron has a maximum absorption band at 
240 nm, while FeOH2+ has a maximum absorption at 300 nm (Turner and Miles 1957) 
which agrees with the absorption band for this switch, documented by pignatello and 
Huang, (1993). It is therefore possible to have minor absorption (depending on the 
form/species of Fe) which can result in a faster redox cycle from ferric to ferrous specie 
(equation 6.2), leading to the 40% loss of DMP in Figure 6.10. However, as there is only 
40% loss of DMP, it highlights the importance of H2O2 to provide a good source of •OH. 
This was not helped by light scattering and/or attenuation of light density as a result of 
decreased irradiation penetration arising from the presence of the catalyst (Belattar et 
al., 2012). 
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6.7.3 Photocatalytic degradation of DMP and Cost benefit with respect to H2O2 
Dose 
H2O2 constitutes the most expensive non-reusable cost element in Fenton catalysis, in 
addition to the problem of residual H2O2 concentrations that may require removal as a 
post-treatment measure more so if a biological polishing stage is being considered.  As 
a result of this, any positive step to cut cost while reducing environmental impact is 
sought in this work.  
As shown in Figure 6.12, there was an increase in the rate of loss of DMP resulting in 
about 99.4% removal in 30 min when UV was coupled to the catalytic Fenton reaction 
using the same H2O2 concentration (400 ppm). There was however 93% loss of DMP 
within the same time when the H2O2 concentration was reduced to 100 ppm, (Figure 
6.12) and this showed similar rate of loss of DMP as  UV/H2O2 using 400 ppm H2O2  which 
had a loss of about 95.4% DMP also in 30 min (Figure 6.11). 
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Figure 6.12: Oxidation of DMP using Normal Fenton(NF) at 400 ppm H2O2, UV assisted Fenton 
(UV-F) at 400 ppm H2O2, UV assisted Fenton (UV-F) with 100 ppm and UV with 100 ppm H2O2 
concentration 25 mg/L, pH3, 200 mL reaction volume, 10 g catalyst, T= 25oC, t= 40 min and 2.66 
mW/cm2 irradiance. 
 
Pozdnyakov et al., (2000), showed that the photolysis of Fe(OH)2+ produced Fe(II) and 
the hydroxyl radical according to the equation (6.13) below: 
Fe(OH)2+ +  hv ⎯⎯→ Fe2+ + HO•                                                                              …(6.13) 
This suggests that, UV irradiation in the Fenton reaction, in addition to the formation of 
Fe(II) species,  also regenerates OH radical, which is the vital reactive species in the 
Fenton reaction, responsible for the oxidation of organic matter. As a result of this 
double effect, the photo-Fenton process progresses faster than the conventional Fenton 
process, in addition to requiring less H2O2. The catalyst also provides active surface-area 
for sorption, followed by catalytic oxidation. 
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The role of Fe3+ species in UV-Fenton processes cannot be over emphasised. As shown 
in previous chapter, the optimum pH range for Fenton or photo Fenton oxidation is pH3. 
This has been attributed mainly to the speciation of Fe3+.  According to Machulek et al., 
(2012), Fe3+ ie ([Felll(H2O)6]3+) which absorbs weakly above 300 nm is the dominant 
species of iron at pH2, while at considerably less acidic pH, the dominant specie is 
Fe(OH)3. This species is thought to form colloidal iron hydroxide, which precipitates 
hydrated iron oxides on standing for long periods. Martyanov et al., (1997), noted that 
at pH3, the dominant Fe3+ species present in aqueous solution is Fe(OH)2+, which absorbs 
throughout much of the ultraviolet region of the electromagnetic spectrum. In their 
study of the photochemistry of Fe(OH)2+, Pozdnyakov et al., (2000), showed that 
Fe(OH)2+ can undergo an effective photoreaction to produce Fe(II) and the hydroxyl 
radical as shown in equation (6.13) above, given the right wavelength of UV radiation 
which according to Pignatello and Huang, (1993), is between 180 and 400 nm. It is 
possible that a similar species of Fe exists on the catalyst. 
Accordingly, the UV irradiation of the Fenton reaction not only regenerates Fe(II) which 
reacts with H2O2 to generate •OH (a critical part of Fenton reaction process), but it 
generates further additional •OH. As a result of these simultaneous effects, there is 
considerable reduction in the dose requirement of H2O2 in the reaction system. 
6.7.4 Comparison of unassisted Fenton, UV Photolysis of DMP, UV-Peroxide and 
UV-Fenton 
Unassisted Fenton, UV-Fenton, sorption, UV/H2O2 and photolysis of DMP solution were 
compared at optimum reaction conditions. The results are as shown on Figure 6.14.  
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Figure 6.13: Results of unassisted Fenton, UV-Fenton, H2O2/UV, UV alone and sorption in respect 
to the rate of loss of DMP. Conditions: 25 mg/L DMP, pH3, 400 ppm H2O2 where required, 10 g 
catalyst where required, 200 mL pure DMP solution at 25 oC± 2 and irradiance of 2.43 mW/cm2. 
 
As expected, the results showed an advantage for the coupled process (UV-Fenton), 
which terminated after 30 min. UV/Fenton attained 80% removal of DMP in 8 min while 
UV/H2O2 in comparison did not attain complete removal of DMP even after 60 minutes, 
but did achieve 80% removal in 15 min as marked in dotted lines in Figure 6.13. The 
reason for this has already been explained as possibly due to the simultaneous but 
independent oxidation resulting from both UV photolysis and Fenton catalysis. The 
advantage is that, this coupled system has capacity to progress at the same rate even at 
lower concentrations of H2O2. This has been proven as shown in Figure 6.11 using a 
fourfold lower concentration of 100 ppm H2O2. 
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The reaction of unassisted Fenton after 40 min at the stated conditions showed 80% 
DMP removal while UV/H2O2 and sorption resulted in about 20% and 15% removal of 
DMP respectively. 
6.7.5 Flow of Photons absorbed by 3,5-DMP, H2O2  
As mentioned previously, the first law of photochemistry demands that a compound 
must absorb a photon of radiation in order for photolysis to occur. It is therefore 
imperative to determine if the species in the reaction solution actually absorbs radiation 
and to what extent. This information helps the design of the treatment processes and 
forms the basis for treatability studies. 
To describe the photon flow absorbed by the constituents of the UV-Fenton reaction 
and possible photolysis. This process is guided by two main laws of photochemistry: The 
First law of photochemistry otherwise called the Grotthus-Draper, which has been 
described in section 6.2.1, and Stark-Einstein law: “Number of activated molecules = 
number of quanta of radiation absorbed”.  
In their study of chemical actinometry, Calvert and Pitts, (1967), Rodriguez, (2003), and 
Willett and Hites, (2000)  held that, the rate of loss of an actinometric compound (Act) 
is the product of the incident light intensity (I0), the quantum yield (ɸ) and the fraction 
of light absorbed by the compound (f); 
−
𝑑[𝐴𝑐𝑡]
𝑑𝑡
= 𝐼0ɸ𝑓                                                                                                           … (6.14) 
Where ɸ the quantum yield, is the ratio of the number of molecules decomposed to the 
number of photons absorbed. ɸ and f are dimensionless, the units of I0 is                     
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Einstein L-1 S-1, Where Einstein is defined as Avogadro’s number or a mole of photons. 
The fraction of light absorbed (f) is given by; 
𝑓 =
I0−I
I0
= 1 −
I
I0
                                                                                                      … (6.15) 
Where I is light intensity after passing through sample. The ratio of the incident to 
transmitted light in equation (6.15), can be derived from the Beer-lambert law as 
follows; 
A = −log10 (
I
I0
) = ƐcL                                                                                            … (6.16) 
Where A is absorbance of sample, Ɛ is molar absorptivity in L mol-1 cm-1 and L is path 
length of light, C is the concentration in Mole L-1 and not all photons are absorbed by 
sample. Combining (6.15 and 6.16) we have; 
𝑓 = 1 − 10−εcL                                                                                                       … (6.17) 
The probability of survival or transmission T of a photon after a path length L is given as; 
T= exp(−μ𝑎L)                                                                                                             … (6.18) 
Where μa = the absorption coefficient (cm-1). This is simply the cross sectional area per 
unit volume of medium. It describes a medium containing many chromophores at a 
concentration described as a volume density pa (cm3) (Jacques and Prahl 1998) 
Equation 6.18 hold true for survival of photon irrespective of whether path followed by 
photon is straight or irregular due to multiple scattering (Jacques and Prahl 1998).  
But µa=Ɛ.c ln(10),                                                                                                      ... (6.19) 
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Where µa with units (cm-1) are inverse for length, such that µaL is dimensionless and L 
(cm) is photon’s path length travelled through the medium. The fraction of photon 
absorbed by sample, f is a ratio of the absorbed photon flux  Wabs to the incident photon 
flux We, which equals 1-T (equation 6.15). That is; 
𝑊𝑎𝑏𝑠
𝑊𝑒 
  = 1 - T, and T= exp(−μ𝑎L), therefore. Bearing in mind that not all photons are 
absorbed.  
𝑊𝑎𝑏𝑠
𝑊𝑒
= 1 − exp (−μ𝑎L)                                                                                         …. (6.20) 
  Where Wabs = The absorbed photon flux (µEinstein m-2 s-1) 
  We = The photon flow entering the reactor (µEinstein m-2 s-1) 
   L = Photon’s path travelled in medium (cm) same the thickness of water column 
in the reactor. 
  μa = The absorption coefficient (cm-1). This is simply the cross sectional area per 
unit volume of medium. It describes a medium containing many chromophores 
at a concentration described as a volume density pa (cm3) (Jacques and Prahl 
1998). 
To calculate the photons absorbed by the absorbing species in the reaction, the 
measured irradiance (mW/cm2) which was obtained using a radiometer had to be 
converted to photon flux (µEinstein m-2 s-1). The photon flux, also called quantum flux is 
defined as the number of photons in µmol per second and unit area on a surface. This 
has been calculated below. 
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6.7.6 Radiometric Calculations 
6.7.6.1 Conversion of measured Irradiance to Photon flux 
According to Stark-Einstein’s law, “each molecule of absorbing substance, absorbs one 
photon of radiation in the process”.  Therefore: 
A molecule acquires energy by absorbing a photon: A + hf  → A* 
Where A* is the excited state of A, and hf is energy absorbed. 
Thus, energy of a photon is  Ep =hf                                                                             … (6.21)      
But f =C/λ,   ∴ Ep = h. (
C
λ
 )                                                                                           …(6.22) 
Where planks constant h= 6.63 x 10-34 (Js), speed of light C = 2.998 x 108 (m/s), frequency, 
f has units (1/s), and wavelength λ, (m). 
Number of photons Np is given by; 
Np = E/Ep                                                                                                                       … (6.23) 
Where E is the measure irradiance in (W/m2) and Ep is the energy of the photon 
(equation 6.17)                                                                                      
Np =  
E∗λ∗10−9
h∗c
                                                                                            … (6.24) 
      = E. λ .10-9 (m)/h.C (Jm-1)  
      = E. λ.5.03 x 1015 (J-1)  
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(The irradiance E used for this study was 2.66mW/cm2 (2.66 x 10-3 W/cm2) and λ of 
radiation was 253.7 nm). 
∴ Np = 2.66 x 10-3  *253.7* 5.03 x 1015   
          = 3.394 x 1013 m-2 s-1 
 
6.7.6.2 Determination of Photon Flux entering the reaction (We) 
The photon flux or Quantum flux was determined as follows; 
EQF = NP/NA,                                                                                                          … (6.25) 
Where NA is Avogadro’s number (6.022 x 1023 mol-1) and Np is number of photons 
(equation 6.20). 
∴ EQF = 3.394 x 1013 m-2 s-1 / 6.022 x 1023 mol-1 
Total photon flux entering reaction EQF = We =0.56 x 10-10 mol m-2 s-1 
 Einstein = mole of photons 
µEinstein m-2 s-1 = µmoles m-2 s-1  
∴ EQF = 0.56 X 10-4 µEinstein m-2 s-1 
To estimate the photons absorbed by the various species of reactants, the following 
considerations and assumptions were made; 
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• In view of the operating wavelength of radiation, which was monochromatic at 
253.7 nm, the main absorbing species in the reaction was 3,5-DMP which 
absorbs from 305 to about 180 nm (Figure 6.2)  and H2O2. Hydrogen peroxide is 
thought to absorb throughout the UVC region (see Figure 6.15) and increases in 
absorbance as you move towards smaller wavelength in the UVC band from 
300nm (Beers and Sizer 1951; USP Technologies 2016). Holts et al., (1948) also 
noted that hydrogen peroxide absorb from visible region and increases towards 
the UV region right up to about 200 nm. 
• The Fe3+ catalyst is expected to perform a dual function; absorb radiation if the 
wavelength is suitable and hence undergo a faster reduction to Fe2+, or attenuate 
the photon flux by decreasing penetration and increasing scattering (Belatter et 
al., 2012). Photocatalysts are generally thought to possess high reactivity using 
wavelengths of light in the region of 380 nm < λ < 500 nm (Ibhadon and 
Fitzpatrick 2013). Fe3+, which is the reactive constituent of the present catalyst, 
is thought to absorb weakly at > 300 nm (Machulek et. al., 2012). Stuglik and 
Zagorski (1980) reported an absorption maxima (λmax) of 300 nm for Fe(OH)2+(aq), 
which is the photoactive Fe specie, it is not clear if Fe(OH)2+ is present in the 
catalyst.  
• This is likely to be a reaction system of conventional Fenton and UV photolysis of 
H2O2 and H2O happening simultaneously, but independently, rather than a 
photocatalysis, initiated through the known Fe3+ reduction to Fe2+, facilitated by 
UV radiation.  
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Figure 6.14: Absorbance spectrum of 400 ppm H2O2 in water. 
 
 
6.7.6.3 Determination of photon flux absorbed by DMP and H2O2 
To determine photon flux absorbed by 25 mg/L DMP we apply equation (6.20); 
𝑊𝑎𝑏𝑠
𝑊𝑒
= 1 − exp (−μ𝑎L)                   
Where Wabs is absorbed photon flux, We is photon flux entering the reactor, µa is 
absorption coefficient and L is path length of the radiation in the reacting solution. To 
find the absorption coefficient µa, we have that: 
µa=Ɛ.c ln(10),    (from equation. 6.19) 
But to find the extinction coefficient Ɛ, we have that;  
Aλ = ƐcL (from equation 6.16, ) 
Where c is the molar concentration and L is 1 cm cell path and Aλ is the measured 
absorbance 0.142 at 253.7 nm for this reaction. The molar concentration of 25 mg/L 
DMP was calculated as 2.04 x 10-4 mol/L 
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Hence, 0.142 = Ɛ * 2.04 x 10-4 * 1 
Ɛ = 696.08 cm-1 mol-1 L 
∴, to find the absorption coefficient µa, from equation (6.19) we have that:  
µa=Ɛc ln(10) 
µa = 696.08 * 2.04 x 10-4 *ln(10)  
µa = 0.33 cm-1 
To find the absorbed photon flux Wabs from equation (6.20) where We (EQF) which is total 
photon flux entering the reaction has been calculated as 0.56 x 10-4  µEinstein m-2 s-1  we 
have that: 
𝑊𝑎𝑏𝑠
𝑊𝑒
= 1 − exp (−μ𝑎L)     
Wabs = 0.56 x 10-4 (1- exp (-0.33))    
=0.1574 x 10-4 µEinstein m-2 s-1        
 
To find the absorption coefficient µa for H2O2 at 253.7 nm given by: 
µa=Ɛ.c. ln(10), but extinction coefficient at 253.7nm is given by Aλ = ƐCL, hence Ɛ= 
Aλ/cL, where measured absorbance of H2O2 at 253.7 nm was 0.253 and molar 
concentration of 400 ppm H2O2 used in this reaction is 400/34 = 11.765 mmole/L. 
Hence, 
Ɛ= Aλ/cL 
Ɛ = 0.253/0.01176 
21.5 cm-1 mole-1 L 
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Hence, to calculate the absorption coefficient µa, we have that: 
µa=Ɛ.c.L. ln(10) 
µa= 21.5 *0.01176 *1* 2.3 
    =0.58 cm-1 
∴, to find the amount of photon flux absorbed by H2O2 in reaction system: 
𝑊𝑎𝑏𝑠
𝑊𝑒
= 1 − exp (−μ𝑎L)          
Wabs = 0.56 x 10-4 (1- exp (-0.58))    
           =0.2465 x 10-4 µEinstein m-2 s-1          
   
Table 6.6: Photon flow entering the reactor and photon flow absorbed 
Compounds ԑ  
(cm-1M-1) 
µa 
(cm-1) 
We  
(µEinstein m-2 s-1) 
1-exp(-µaL) Wabs 
(µEinstein m-2 s-1) 
3,5-DMP 696.08  0.33 0.56 x 10-4 0.28 0.1585 x 10-4  
H2O2 21.50 0.58 0.56 x 10-4 0.44 0.2482 x 10-4 
 
The molar extinction coefficient (ε) of DMP at 254 nm is not available in literature, 
Belattar et al., (2012) calculated this to be 1550 cm-1 M-1 at 272 nm, while values of ε for 
H2O2 at 254 nm in literature are between 19.6 to 27.06 cm-1 M-1 (Giri et al., 2011; Lay 
1989). This slight variation in the determined values of ε is as a result of the variation in 
the degree of purity and standardization methods of commercial H2O2. The photon flow 
absorbed by DMP and H2O2 in Table 6.10 corresponds to the absorbed energy at initial 
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time when DMP and H2O2 concentrations were at maximum. It is obvious from the 
results that at 253.7 nm, only a little over a quarter of the photon flow was absorbed by 
DMP and this explains why photolysis of the compound resulted in only slight degree of 
degradation. H2O2 on the other hand absorbed almost half of the photon flow entering 
the reactor, which resulted in a higher degree of photolysis, leading to the release of 
reactive intermediates, the OH radicals. This is evident in the greater loss of DMP when 
both UV + H2O2 are present, as a result of increased OH radical formation as shown in 
Figure 6.14. 
6.8 Effect of Coupling UV radiation to Heterogeneous Fenton Catalytic 
Oxidation of Synthetic Produced Water 
This section focuses on the effect 0f UV assisted Fenton on produced water (Figure 6.12 
A and B). ‘A’ shows the initial concentrations while ‘B’ shows the final concentrations of 
assessed parameters namely COD, DMP and OIW after UV exposure using 1000 ppm 
H2O2, which was then compared to similar experiments using 400, 1000 and 2000 ppm 
H2O2 in unassisted Fenton oxidation. 
Figure 6.15 shows COD reduction of 110 mg/L from 763 mg/L using 400 ppm H2O2 initial 
concentration, which constitutes 14.4% COD loss. The loss of DMP for the same 
concentration of H2O2 was 92% while OIW recorded a total removal of 66.4%, with a 
desorbed OIW concentration of 86 mg/L recovered from the catalyst after reaction. Real 
net oxidation of OIW was therefore only 17 mg/L (10.96%).   
The sluggishness of the overall oxidation process using 400 ppm of H2O2 suggested that 
H2O2 was limiting in the reaction system, as this batch-optimised value (400 ppm) for 
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DMP degradation was less that the stoichiometric peroxide demand for the PW reaction 
system. From equation 5.31, 2H2O2 = 2H2O + O2. Therefore, the amount of O2 (moles) 
required for the measured COD is given as: 
Moles of O2 required = 
𝐶𝑂𝐷 (𝑚𝑔/𝐿)
𝑀𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑂2 (𝑔/𝑚𝑜𝑙) 
 
766
32
= 23.9 
 
This indicates that the complete mineralization of synthetic produced water with 
measured sample COD = 766 mg/L, requires 25 moles of O2   
From equation 5.31, 2 moles of H2O2 follows that; 
2H2O2 (mg/L) = 2 * O2(moles) * 34 * 23.9 = 1625.2 
Hence COD of 766 mg/L (determined from produced water sample), requires 1625.2 
mg/L H2O2.  
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Figure 6.15: Effect of H2O2 concentration on the loss of COD, OIW and DMP in synthetic 
produced water. Initial DMP 26-29 mg/L, Initial OIW conc 155 – 156 mg/L, initial COD 750 – 766 
mg/L, pH3, H202 400 -2000 ppm, reaction vol 200 mL, catalyst 10 g, T = 25±1 oC, t = 240 and 
irradiance 2.66 mW/cm2. 
 
For the produced water degradation reaction, using 1000 ppm H2O2 in unassisted 
Fenton catalysis, there was 30.16% COD removal, 89.29% DMP loss and 85.81% OIW 
removal with a recovery of 79.0 mg/L oil recovered from the catalyst by desorption. 
Although limited COD removal was achieved, DMP removal was very good. This is 
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because, the H2O2 concentration of 1000 mg/L did not appear to be limiting in the 
system given that the chemical oxygen demand was measured as about 750 – 766 mg/L. 
The results in terms of concentrations are as shown in Tables 6.6 to 6.10. The reaction 
system using 2000 ppm H2O2 did not show significant difference from that using 1000 
ppm, which suggest that the H2O2 was in excess. 
 
Table 6.7: Percentage removal of COD, DMP and OIW at 400 ppm H2O2 
400 ppm H2O2 
 Initial Conc. Final Conc. Total 
Removal 
% Removal Desorbed 
Amount 
COD (mg/L) 763 653 110 14.4 N.A 
DMP (mg/L) 26 2 24 92.3 N.A 
OIW (mg/l) 155 52 103 66.4 86 
 
Table 6.8: Percentage removal of COD, DMP and OIW at 1000 ppm H2O2 
1000 ppm H2O2 
 Initial Conc. Final Conc. Total 
Removal 
% Loss Desorbed 
Amount 
COD (mg/L) 766 535 231 30.16 N.A 
DMP (mg/L) 28 3 25 89.29 N.A 
OIW (mg/l) 155 22 133 85.81 79 
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Table 6.9: Percentage removal of COD, DMP and OIW at 2000 ppm H2O2 
2000 ppm H2O2 
 Initial Conc. Final Conc. Total 
Removal 
% Loss Desorbed 
Amount 
COD (mg/L) 752 485 267 35.5 N.A 
DMP (mg/L) 28 2 26 92.85 N.A 
OIW (mg/l) 156 14 142 91.03 76 
 
 
Table 6.10: Percentage removal of COD, DMP and OIW at 1000 ppm H2O2 + UV-Fenton (2.66 
mW) 
UV-FENTON 1000 ppm H2O2 
 Initial Conc. Final Conc. Total 
Removal 
% Loss Desorbed 
Amount 
COD (mg/L) 750 336.88 383.12 51.08 N.A 
DMP (mg/L) 29 0.08 28.92 99.72 N.A 
OIW (mg/l) 155 0 155 100 8.78 
 
Table 6.9 shows the Fentons’s reaction of synthetic produced water using 1000 ppm 
H2O2 assisted by 2.66 mW UV radiation in batch mode. There was a significant increase 
in the extent of treatment notable in the more extensive reduction and OIW removal in 
comparison to the non-coupled systems catalysed at various concentrations of H2O2. 
This is as a result of the simultaneous photolysis of both the organics in the reaction and 
increased hydroxyl radical formation due to photolysis of H2O2 and Fe(OH)2+ as noted in 
section 6.7.3.  
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6.9 Results for Continuous flow experiments  
These experiments were set up as previously described in section 6.6.4.  Figures 6.15 to 
6.20 shows the variation of DMP, COD and Oil in water (OIW) using 180 g or 120 g 
catalyst as the case may be, over the experiment duration stated in the graph legend, 
using fresh catalyst on each phase of reaction. The removal percentage have also been 
summarised in Tables 6.11 to 6.13 in terms of catalyst load and percentage degradation. 
All reactions unless otherwise stated were carried out under room temperature. In the 
control experiment (A) the reaction solution was passed through the system without 
catalyst and without any treatment initiated in the reaction system for 20 h. 
The next phase was exposure to UV only, labelled control (B) in Figure 6.16a for 26 h. 
This was followed by exposure of reaction solution to microwave (MW) and H2O2 alone 
in the presence of the catalyst. The reaction was then exposed to the catalyst, H2O2 and 
UV radiation and finally the experiment was carried out in the presence of UV, 
microwave, H2O2 and catalyst, changing the catalyst to fresh catalyst after each phase 
of experiment. The results have been presented in Figures 6.16 to 6.21. 
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Figure 6.16: Loss of DMP in synthetic produced water. Reaction times: Control experiment A 
(empty wheels only) 20 h, control experiment B (UV only) 26 h, Fenton/MW 96 h, Fenton/UV 70 
h, Fenton/UV/MW 95 h in continuous flow reaction using a rotating disc reactor, with a modified 
PAN heterogeneous catalyst and 1000 mg/L H2O2, 180 g catalyst pH3, residence time of 4 h 55 
min, avg. irradiance of 500 µW, 600 W MW power, at 35 oC, non-MW assisted at room 
temperature (~ 18 -23 oC). 
For 180 g catalyst load (Figure 6.16a) the control experiment B (UV only) showed 40% 
maximum loss of DMP, while control experiment A (empty wheels) showed only 11.5% 
loss of DMP, which although is consistent with sorption of DMP in batch work, shown 
previously in chapter three, may be due to poor mixing due to the absence of a catalyst 
on the discs. There was no remarkable advantage of UV assisted Fenton over UV/MW 
assisted Fenton. This is likely due to the reactor design. The angle of incidence of the UV 
irradiance on the reaction was less than 50 degrees resulting in very low irradiance 
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impinging on the reaction surface. Measured irradiance on the reaction surface 
averaged only about 500 µW/cm2.  The reaction of UV/MW assisted Fenton reaction 
recorded slightly better degradation of DMP under the given conditions as shown in 
Figure 6.15 (2). This suggests that, a higher irradiance intensity would have resulted in a 
faster reaction according to Stark-Einstein law: “Number of activated molecules = 
number of quanta of radiation absorbed”.  
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Figure 6.17: Loss of COD in synthetic produced water.  Reaction times: Control experiment A 
(empty wheels only) 20 h, control experiment B (UV only) 26 h, Fenton/MW 96 h, Fenton/UV 70 
h, Fenton/UV/MW 95 h in continuous flow reaction using a rotating disc reactor, with a modified 
PAN heterogeneous catalyst and 1000 ppm H2O2, 180 g catalyst pH3, residence time of 4 h 55 
min, avg. irradiance of 500 µW, 600 W MW power, at 35 oC, non-MW assisted at room 
temperature (~ 18 -23 oC). 
 
For COD (Figure 6.17), the effect of dielectric heating using microwave radiation on the 
Fenton process was similar to effect of UV on the Fenton-like process. UV assisted 
Fenton is thought to have more positive influence on reaction rates than microwave 
assisted Fenton process (Gromboni et al., 2007), however in this case where UV/Fenton 
is not as expected, it is likely due to the low irradiance due to the experimental set-up. 
There is a slight enhancement in using UV/MW/Fenton. 
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Figure 6.18: Loss of OIW in synthetic produced water.  Reaction times: Control experiment A 
(empty wheels only) 20 h, control experiment B (UV only) 26 h, Fenton/MW 96 h, Fenton/UV 70 
h, Fenton/UV/MW 95 h in continuous flow reaction using a rotating disc reactor, with a modified 
PAN heterogeneous catalyst and 1000 ppm H2O2, 180 g catalyst pH3, residence time of 4 h 55 
min, avg. irradiance of 500 µW, 600 W MW power, at 35 oC, non-MW assisted at room 
temperature (~ 18 -23 oC). 
 
The OIW degradation using 180 g of catalyst was better with MW /Fenton Figure 6.18(1) 
than with UV/Fenton 6.18(2), however in both cases the outlet was below regulatory 
limits for both inland and offshore discharge limits. A combination of UV/MW/Fenton 
process did not show a clear difference from the MW/Fenton, indicating that the 
irradiance intensity was low as already suggested. This also suggested that the system 
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required optimization. Accordingly, the catalyst load was reduced from 180 g to 120 g, 
to evaluate the efficiency of the system at lower catalyst load.  
The results in Figures 6.17 to 6.20 were obtained from 120 g catalyst load for loss of 
DMP, COD and OIW and followed a similar trend as 180 g loaded discs. Whilst there was 
a slight reduction in the % of loss of DMP and COD, however, the overall final results for 
the 120 g catalyst were efficient. OIW does not seem to have been affected by the 
reduction in catalyst load, where as DMP and COD are with slightly less removal. This is 
perharps because OIW dominates the system and goes onto the wheels, preventing 
DMP  and COD from interacting with the reagents in the system. This may have been 
exacerbated with reduced number of wheels. Coupling UV and MW to the Fenton 
reaction can also results in costs savings from the amount of catalyst used in the 
reaction.  
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Figure 6.19: Loss of DMP in synthetic produced water. Reaction times: Control experiment A 
(empty wheels only) 20 h, control experiment B (UV only) 26 h, Fenton/MW 96 h, Fenton/UV 70 
h, Fenton/UV/MW 95 h in continuous flow reaction using a rotating disc reactor, with a modified 
PAN heterogeneous catalyst and 1000 ppm H2O2, 120 g catalyst pH3, residence time of 4 h 55 
min, avg. irradiance of 500 µW, 600 W MW power, at 35 oC, non-MW assisted at room 
temperature (~ 18 -23 oC). 
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Figure 6.20: Loss of COD in synthetic produced water. Reaction times: Control experiment A 
(empty wheels only) 20 h, control experiment B (UV only) 26 h, Fenton/MW 96 h, Fenton/UV 70 
h, Fenton/UV/MW 95 h in continuous flow reaction using a rotating disc reactor, with a modified 
PAN heterogeneous catalyst and 1000 ppm H2O2, 120 g catalyst pH3, residence time of 4 h 55 
min, avg. irradiance of 500 µW, 600 W MW power, at 35 oC, non-MW assisted at room 
temperature (~ 18 -23 oC). 
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Figure 6.21: Loss of OIW in synthetic produced water.  Reaction times: Control experiment A 
(empty wheels only) 20 h, control experiment B (UV only) 26 h, Fenton/MW 96 h, Fenton/UV 70 
h, Fenton/UV/MW 95hrs in continuous flow reaction using a rotating disc reactor, with a 
modified PAN heterogeneous catalyst and 1000 ppm H2O2, 120 g catalyst pH3, residence time 
of 4 h 55 min, avg. irradiance of 500 µW, 600 W MW power, at 35 oC, non-MW assisted at room 
temperature (~ 18 -23 oC). 
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Table 6.11: DMP (mg/L) Reduction 
  Treatment system 
 No 
treatment 
UV 
alone 
Catalysis* MW/Catalysis UV/Catalysis UV/MW/Catalysis 
 A B  C D E 
180 g 
catalyst 
5-15% 40% >99% 
 
>99% >99% >99% 
       
120g 
catalyst 
5-15% (40%)  84% 60% 88% 
*over duration of treatment of 150 h 
 
Table 6.11 shows the percentage loss of DMP in 180 g catalyst and 120 g of catalyst load. 
For UV system, the loss was 40% for both 180 and 120 g of catalyst, however this 
increased to over 99% when this was coupled to either of normal Fenton, microwave 
Fenton or both for 180 g catalyst, this was not the case for 120 g catalyst load. 
UV/Catalysis especially showed the least loss %, of 60, due to the poor irradiance 
transmitted into the reactor as previously mentioned.  
  Table 6.12: OIW (mg/L) Reduction 
                             Treatment system 
 No 
treatment 
UV 
alone 
Catalysis* MW/Catalysi
s 
UV/Catalysis UV/MW/Catalysi
s 
 A B  C D E 
180 g 
catalyst 
22-37% 10-45% 60-85% 
(av~66%) 
>99% 84% >99% 
       
120 g 
catalyst 
13-20% 13-83%  >92% 85% >91% 
*over duration of treatment of 150 h 
 
The loss of OIW however was not so sensitive to the reduction in the catalyst load down 
to 120 g, compared to DMP, although a difference of about 7 to 8% was recorded for 
MW and UV/MW/Catalysis. UV/catalysis showed no difference in loss with reduction in 
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catalyst load. This is could be because the oils dominate the sorption process, and 
because they stick on the wheels, they are more exposed to the UV radiation which is 
perpendicular to the wheels, and hence better exposed to UV effect.  
 
Table 6.13: COD (mg/L) Reduction 
  Treatment system 
 No 
treatment 
UV 
alone 
Catalysis* MW/Catalysi
s 
UV/Catalysis UV/MW/Catalysi
s 
 A B  C D E 
180 g 
catalyst 
4% 5-7% 9-28% 
(av~16%) 
15% 15% 31% 
       
120 g 
catalyst 
2% 3-15%  14% 5% 25% 
*over duration of treatment of 150 h 
 
UV however played a prominent role in the scheme of things with respect to COD. There 
was 5% loss COD when catalyst load was reduced to 120 g, which made it the most 
significant loss in terms of COD change response to catalyst load. MW had an 
insignificant 1% change in loss as the catalyst was reduced, while UV/MW/catalysis 
recorded 4% change in loss due to reduction in catalyst load. Over all, the MW and UV 
contributed equally to the coupled system ~15% each, making a total COD loss of 31%, 
while in the 120 g system, the MW contributed 9% more than the UV, giving total COD 
loss of 25% in 120 g catalyst. This observation could be due to increased sorption of even 
hard COD (mainly acetic acid) due to increased catalyst load.  
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6.10 Summary 
There is limited literature on the use of UV- Heterogeneous Fenton oxidation for the 
treatment of produced water. However, the application holds great promise for the 
simultaneous removal of alkylated phenols as well as oils (aliphatic and aromatic 
fractions) in oil mining produced water.  
The coupling of UV radiation to conventional Fenton considerably reduces the amount 
of H2O2 used by four folds, while still reducing the reaction time by another four folds. 
This is a huge cost savings in terms of H2O2, and reactor footprint, which is the single 
most cost intensive element in Fenton processes.  
Coupling MW to UV/Fentons is shown to improve the removal of COD and OIW in 
continuous flow. The coupled technology appear to be a simultaneous advanced 
oxidation process of UV-photolysis and conventional Fenton- like process happening 
independent of each, rather than photocatalysis of the PAN heterogeneous mesh as 
previously thought. On the possible contribution to the redox activity (from Fe3+ to Fe2+), 
there is little evidence since Fe(OH)2+, absorbs above 300 nm (if indeed this is present in 
the mesh during reaction). A polychromatic UV source, with wavelengths extending to 
the UVA region is recommended for further studies. 
The final chapter is the conclusion and recommendation for further work and other 
perspectives on the application of UV/MW/Fenton assisted  catalysis of produced water.
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7.1 Conclusion 
This work has shown that the menace resulting from oil and gas mining activity is a 
potent one and can lead to grave environmental and health consequences if not 
properly managed through appropriate legislation and the deployment of suitable 
treatment techniques/methods.  
It has also demonstrated that the application of Fenton-like catalysis using a modified 
PAN heterogeneous catalyst has been effective for the oxidation of alkylphenol in water 
as well as in simulated produced water whilst still simultaneously degrading other 
dissolved organic compounds in the process such as oil-in-water. The influence of 
inorganic anions on the oxidation process, namely; Cl- and HCO3- (which are known 
radical scavengers) have been investigated and based on their concentrations used in 
the present work, 90% removal of both DMP and OIW was still feasible.  
Oxidation intermediates arising from this process, which are also susceptible to the 
oxidation process (except acetic acids), have been tentatively identified. These include 
two organic acids (acetic and formic) and five hydrocarbon compounds, some of which 
are benzoquinones, hydroquinones and benzaldehydes.  
The use of one factor at a time (OFAT) approach for process parameters optimization 
showed that pH was the most important process parameter under the defined 
experimental conditions. The parameters considered in the decomposition of 25 mg/L 
DMP were; catalyst concentration, initial H2O2 concentration and pH of reaction solution 
for the heterogeneous oxidation process. In addition to this, this work also 
demonstrated that the treatment system is driven by a heterogeneous process, which 
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is evident as only 12% loss of DMP was achieved by the use of homogeneous the 
equivalence of the concentration of leached iron from the catalyst. 
The degradation of DMP in the small continuous flow vertical reactor which had a mesh 
to liquor ratio of 1: 15, and a total volume flow of about 24.2 L over about one month 
duration resulted in the decomposition of 282.08 mg of DMP using about 12.5 g of 
catalyst in 200 mL reactor volume. This resulted in 0.8588 yield degree with only 13.16% 
loss of iron in the catalyst after about one month of treatment, which demonstrates the 
durability of the catalyst system with respect to the DMP as substrate. The 900 mL 
rotating contacting flow reactor used for the degradation of produced water was 
catalyst-heavy with a mesh to liquor ratio of 1:5, which is about 3 times the catalyst load 
of the 200 mL vertical flow reactor in relative terms and hence, the total iron loss in the 
900 mL reactor was far more (42.72%) than in the vertical reactor. The total mass of 
oxidizable organic compounds which made up the produced water  (DMP, hexadecane, 
tridecane and BTEX) decomposed in this reactor was 10.79 kg compared to just 282.08 
mg and this does not include acetic acids, which although present, was recalcitrant to 
the oxidation process as demonstrated by COD results. It is possible that some of the 
compounds present in the PW soup had chelating properties. Also the total volume of 
produced water treated in 29.5 days was about 154 L compared to just 24 L of DMP 
treated by the smaller reactor. This explains why the percentage loss of iron in the big 
reactor was 3.2 folds more than obtained in the smaller reactor. In addition to this, the 
catalyst used in both reactors were of different production batches, suggesting that this 
may not be a fair comparison.     
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Most treatment methods for produced water currently in use are able to remove the 
oils (both aromatic and aliphatic), however, most dissolved organic components that 
partition into the water phase, some of which are the main toxicants in the produced 
water, such as alkylphenols, (which are known endocrine disruptors), remain untreated. 
This study has demonstrated that the application of a novel modified PAN 
heterogeneous catalyst in H2O2 system is capable of simultaneous removal of about 90% 
DMP (about 3961 mg) and about 50% OIW using 180 g catalyst and a constant initial 
H2O2 concentration of 1000 ppm in the 900 mL continuous flow treatment of produced 
water. The average COD removal for this system in the presence of acetic acid was about 
10% but more than 50% in the absence of acetic acid. It has been established that the 
most recalcitrant component to Fenton-like oxidation in produced water is acetic acid. 
This is difficult to oxidize in the moderate Fenton reaction conditions such as used in this 
study. 
There is limited literature on the use of UV- Heterogeneous Fenton oxidation for the 
treatment of produced water. This work has demonstrated that coupling UV radiation 
and conventional Fenton processes greatly enhances the simultaneous removal of 
alkylated phenols and oils (aliphatic and aromatic fractions) in oil mining simulated 
produced water. COD removal was increased from 10 to 15%, DMP removal was 
increased from about 90 to > 99% and OIW removal was increased from about 50 to 
84% using about 4 h retention time. The UV/Fenton coupled technology is most 
probably a simultaneous advanced oxidation process of UV-photolysis and conventional 
Fenton- like process occurring separately, and resulting in an additive enhancement, 
rather than photocatalysis involving an unknown iron species on the PAN 
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heterogeneous mesh as previously thought. On the possible contribution to the 
photocatalytic redox activity (from Fe3+ to Fe2+), there is little evidence since Fe(OH)2+ 
though to be the photoactive species in the homogeneous system, absorbs above 300 
nm and only UVC lamps with wavelength of 254 nm were used in this work.  
Enhancing the conventional Fenton treatment system with microwave radiation showed 
similar effects as enhancement with UV. Enhancing the conventional Fenton system 
with both UV and MW together resulted in 31% COD removal, > 99% DMP removal and 
> 99% OIW removal. In addition to this, the batch process involving UV/Fenton 
demonstrated a fourfold reduction in the amount of H2O2 requirement, thus saving cost 
on H2O2 (which is the single most expensive component in Fenton catalysis). 
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7.2 Recommendations and Further work 
The following recommendations and suggestions for further research into the 
simultaneous oxidation of alkylphenols and other dissolved organics in produced water 
are offered: 
 With respect to oxidation intermediates tentatively identified in this study, 
namely:   3,5-dimethyl catechol (peak 2), 3,5-dimethyl hydroquinone (peak1), 
and 3-hydroxymethyl-5-methylphenol (B1 to B3 in Figure 4.31)  are all possible 
isomers of 138 M+ peaks, while 3-carbaldehyde-5-methyl-1,2-benzoquinone, 3-
methyl-5-carbaldehyde-1,2-benzoquinone, 3-methyl-4-carbaldehyde p-
benzoquinone or 3,5-dicarbaldehyde hydroxybenze  also possible isomers of 
peak M+ 150. In addition, 3-methyl-4,5-benzoquinone carboxylic acid,  p-
benzoquinone-3-methyl-4-carboxylic acid and 3-carbaldehyde 
(hydroxybenzene) carboxylic acid are all possible isomers of 166 M+ peak.  These 
compounds are not presently commercially available. It is therefore 
recommended that these compounds be synthesized to enable confirmatory 
tests using LC/GC MS-MS.  The MS-MS fragmentation pattern for the various 
isomers will differ, allowing identification of the molecular ions and hence the 
isomer.  
  There are indications from continuous flow studies that catalytic activity was 
starting to tail after one month of treatment. The precise cause of catalyst 
deactivation was suspected to be one or more of the following: loss of iron 
through leaching, possible blockage of catalyst active sites, and poisoning 
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resulting from possible complexation of reactive iron species, to form non-
reactive species by substrate decomposition products.  Further investigations to 
fully unravel the precise cause(s) of deactivation, so as to develop an in situ 
reactivation mechanism is recommended. 
  The hypothesis that the UV radiation used in the UV/Fenton catalysis in this 
study only assisted the coupled system by the photolysis H2O2, H2O and 
absorbing organic species but not through recycling of Fe3+ to Fe2+ requires 
further testing to be proven. This can be done by extending the wavelength of 
the lamps used to cover UVA region (combining both UVC and UVA lamps) thus, 
giving a polychromatic UV source, with is recommended to test this hypothesis. 
Further to this, the specie of iron present on the catalyst during reaction can be 
determined by the use of Electron Spin Resonance (ESR). This is expected to 
clarify if the photoactive iron species (FeOH)2+ is present or not during the 
reaction process.  
 Studies have shown that harsh reaction conditions (mainly high temperatures) 
such as those obtained in wet air oxidation has the capacity to degrade acetic 
acid, however such raised temperatures (over 100 oC) are likely to denature the 
catalyst. It is therefore recommended that: temperature profiling be undertaken 
to achieve the optimum temperature for acetic acid degradation. This should be 
supported by the extension of the UV range down to 210 nm (the region where 
acetic acid absorbs) to enable effective decomposition of acetic acids which 
appear to be the most recalcitrant constituents of produced water, although 
highly unstable due to biodegradation.   
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